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QUANTUM DOUBLE OF HOPF MONADS
AND CATEGORICAL CENTERS

ALAIN BRUGUIERES AND ALEXIS VIRELIZIER

ABSTRACT. The center Z(C) of an autonomous category C is monadic over C (if
certain coends exist in C). The notion of a Hopf monad naturally arises if one
tries to reconstruct the structure of Z(C) in terms of its monad Z: we show that
Z is a quasitriangular Hopf monad on C and Z(C) is isomorphic to the braided
category Z — C of Z-modules. More generally, let T" be a Hopf monad on an
autonomous category C. We construct a Hopf monad Z7 on C, the centralizer
of T, and a canonical distributive law Q: TZr — ZrT. By Beck’s theory,
this has two consequences. On one hand, Dy = Zr oq T is a quasitriangular
Hopf monad on C, called the double of T, and Z(T — C) ~ Dr — C as braided
categories. As an illustration, we define the double D(A) of a Hopf algebra
A in a braided autonomous category in such a way that the center of the
category of A-modules is the braided category of D(A)-modules (generalizing
the Drinfeld double). On the other hand, the canonical distributive law 2 also
lifts Z1 to a Hopf monad Z¥ onT—C, and Z?FZ(H ,To) is the coend of T—C. For
T = Z, this gives an explicit description of the Hopf algebra structure of the
coend of Z(C) in terms of the structural morphisms of C. Such a description is
useful in quantum topology, especially when C is a spherical fusion category,
as Z(C) is then modular.
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INTRODUCTION

The center Z(C) of an autonomous category C, introduced by Drinfeld, is a
braided autonomous category. This construction establishes a bridge between the
non-braided world and the braided world. It is useful, in particular, for comparing
quantum invariants of 3 manifolds. Indeed, the center Z(C) of spherical fusion
category C is modular (see [Miui03]), and it is conjectured that the Turaev-Viro
invariant TV (as revisited in [BW96]) is equal to the Reshetikhin-Turaev invariant
RTz(c) (see [RTOL, MTur94l).

Let C be an autonomous category. If the coend

YeC
Z(X):/ YoX®Y

exists for all object X of C, then Day and Street [DS07] showed that Z is a monad
on C and the center Z(C) is isomorphic to the category Z-C of Z-modules in C
(also called Z-algebras). By Tannaka reconstruction, we endow the monad Z with
a quasitriangular Hopf monad structure which reflects the braided autonomous
structure of Z(C) in the sense that Z(C) ~ Z-C as braided categories. The notion
of a Hopf monad, which generalizes Hopf algebras to the non-braided (and non-
linear) setting, was introduced in [BVQ7] for this very purpose.

Given a modular category B, the original construction of the Reshetikhin-Turaev
invariant RT'g involves the simple objects of B (see [RT91) [Tur94]). However, when
B = Z(C) is the center of a spherical fusion category C, we cannot compute explicitly
by this method the invariant RTz() in terms of C, since there is no workable
description of the simple objects of Z(C). Now Lyubashenko gave an alternate
construction of the invariant RT 5z by means of the coend of the category B, which
is a Hopf algebra in B (see [Lyu95, BV05]). So, to compute RTz(c), all we need
is an explicit description (in terms of C) of the coend of Z(C) and its algebraic
structure. To arrive at such a description, we develop the theory of the double of a
Hopf monad.

Let T be a Hopf monad on an autonomous category C. We denote by T-C the
category of T-modules (also called T-algebras), which is autonomous. Assume T
is centralizable, meaning that the coend

YecC
ZT(X):/ TY)®X®Y

exists for every object X of C. We endow Zp with a structure of a Hopf monad
on C and call Zp the centralizer of T. In particular, the monad Z defined above is
the centralizer of the identity endofunctor 1¢ of the category C.

Using adjunction and exactness properties of Hopf monads, we show that the
identity endofunctor 17-¢ of the category T-C is centralizable and

UrZ,..= ZrUr,

where Ur: T-C — C is the forgetful functor. This equality means that the Hopf
monad Zy,._ cisa lift to T-C of the Hopf monad Zr. Extending Beck’s theory of
distributive laws to Hopf monads, we show that such a lift is encoded by an invert-
ible comonoidal distributive law Q: TZ7 — Z7T, called the canonical distributive
law of T. The coend of T-C is therefore (Zr(1), Zp(To)Q1). When T is quasitri-
angular, this coend has a structure of a Hopf algebra in the braided autonomous
category T-C, which we elucidate in terms of T'. In particular, for T' = Z, we obtain
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an explicit description of the coend of Z(C). The case of fusion categories is treated
in detail.

The canonical distributive law ) also endows the composition of Zp and T with
a Hopf monad structure, denoted by Dy = Z7 oq T and called the double of T. We
prove that Dr is quasitriangular and give a braided isomorphism:

Dp-C ~ Z(T-C).

This construction of the double of a centralizable Hopf monad on an autonomous
category generalizes the Drinfeld double to a non-braided setting. As an illustration,
we apply it to Hopf monads associated with Hopf algebras in braided categories.
This leads to the double D(A) of a Hopf algebra A in a braided autonomous cate-
gory B (which is different from the double considered in [Bes97] as it involves the
coend of B). More precisely, the endofunctor ? ® A is a Hopf monad on B. Assum-
ing B admits a coend C, the Hopf monad ? ® A is centralizable, and its centralizer
is of the form ?® Z(A), where Z(A) = YA®C is a Hopf algebra in B. The canonical
distributive law of ? ® A is of the form id;, ® Q, where Q: Z(A)® A - A® Z(A)
is a distributive law of Hopf algebras. Then

D(A) = A®q Z(A) = A® VA® C

is a quasitriangular Hopf algebra in B such that

Z(BA) ~ BD(A) ~ D(A)B >~ Z(AB)

as braided categories, where 4B and B, denote the categories of left and right
A-modules in B. In this context, a Hopf algebra B in B is quasitriangular if it is
endowed with an R-matrix, that is, a morphism r: C®C — B® B which encodes a
braiding on Bp (or equivalently pB8). When B is the category of finite-dimensional
vector spaces over a field k, we recover the usual definition of an R-matrix and the
Drinfeld double of a Hopf algebra H. Indeed, in that case, C =k, Z(H) = H*P,
and D(H) = H ®q H*°P.

The canonical distributive law of a Hopf monad is in fact naturally defined in a
more general setting. Let T be a Hopf monad on an autonomous category C and @
be a Hopf monad on T-C. Their cross product @ x T = UrQFr is a Hopf monad
on C, where Fr: C — T-C is the left adjoint of the forgetful functor Ur: T-C — C.
If @ x T is centralizable, then so is @), and the Hopf monad Z is a lift to T-C of
the Hopf monad Zgy7:

UrZg = ZgxrUr.

From this we obtain a canonical distributive law : TZgw7r — ZgxrT and a Hopf
monad Dg 1 = Zgur 0o T on C. Moreover, we show

DQ)T—C ~ ZQ(T—C),

where Z¢(T-C) is the center of T-C relative to Q. When @ = idp- ¢, we obtain the
previous results.

This paper is organized as follows. In Section [Tl we review several facts about
monoidal categories, Hopf algebras in braided categories, and graphical calculus
(which flows from bottom to top in this paper). Section [ recalls the definition and
elementary properties of Hopf monads. Section [B] deals with comonoidal adjunc-
tions, exactness properties, and cross products of Hopf monads. In Section dl we
briefly recall the basic results of Beck’s theory of distributive laws and extend them
to the Hopf monad setting. In Section Bl we define the centralizer Z7 of a Hopf
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monad T on C and relate it to the center Zr(C) of C relative to T. In Section [l we
define the canonical distributive law  of T' over Zr and the double Dy = Zp o T,
and state their categorical properties. In Section [1, we study the centralizer Zg
of a Hopf monad @ on T-C and construct the canonical distributive law of T over
Zoxr- SectionRlis devoted to Hopf monads on a braided category B. In particular,
we define the double D(A) of a Hopf algebra A in a braided autonomous category.
In Section [@ we treat the case of the center of a fusion category.

1. PRELIMINARIES AND NOTATION

In this section, in order to fix notation and conventions, we review basic no-
tions and facts concerning monoidal categories, (co)monoidal functors and natural
transformations (see [Mac98]), autonomous categories, braided categories and func-
tors, categorical centers (see [Kas95]), Hopf algebras in braided categories and their
modules (see [Maj95]), and graphical calculus.

1.1. Categories. Unless otherwise specified, categories are small and monoidal
categories are strict.

If C is a category, we denote by Ob(C) the set of objects of C and by Home (X, Y)
the set of morphisms in C from an object X to an object Y. The identity functor
of C will be denoted by 1c. We denote by C°P the opposite category (where the
arrows are reversed).

Let C, D be two categories. Functors from C to D are the objects of a category
FuN(C,D). Given two functors F,G: C — D, a natural transformation a: F — G
is a family {ax : FI(X) — G(X)}xecon(c) of morphisms in D satisfying the following
functoriality condition: ay F(f) = G(f)ax for every morphism f: X — Y in C.
We denote by HoMm(F,G) the set Hompyy(c,py(F,G) of natural transformations
from F' to G and by idr the identity natural transformation of a functor F'.

If C, C' are two categories, we denote by o¢ ¢/ the flip functor C x ¢’ — C' x C
defined by (X, X') — (X', X).

1.2. Monoidal categories. Let C be a monoidal category with monoidal product
®: C x C — C and unit object 1. For n > 0, we denote by §),, the functor

WiCh=Cx--xC—C (Xi,....,Xn) > X1® - ® X,
—_——

n times

Note that ® is the constant functor equal to 1, ®; =id;., and ®2 = ®.
For a family of functors {F;: A; — C}i<i<n, set

e - QF,=®,0(F,....,F,): Ay x---x A, = C.
For a functor F': A — C, set

F®"=F® ---QF: A" = C.
————

n times

If C is a monoidal category, we denote by C®°P the monoidal category (C, ®°P, 1),
where X®°P =Y ® X, and by C°P the monoidal category (C°P, ®, 1).
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1.3. Monoidal functors. Let (C,®, 1) and (D, ®, 1) be two monoidal categories.
A monoidal functor from C to D is a triple (F, Fy, Fy), where F': C — D is a functor,

F={RX,Y): F(X)2 F(Y) = F(X®Y)}x ycobc)

is a natural transformation (from F'® F to F'®), and Fy: 1 — F(1) is a morphism
in D, such that
(XY ® Z)(idpx) @ Fo(Y, Z)) = (X @Y, Z)(F2(X,Y) ®idpz)),
(X, 1)(idpx) ® Fo) = idpx)y = F2(1, X) (Fo ® idp(x)),
for all objects X,Y, Z of C.
A monoidal functor (F, Fy, Fp) is said to be strong (resp. strict) if F5 and Fy are
isomorphisms (resp. identities).
By a monoidal isomorphism, we mean a strong monoidal functor which is an
isomorphism.

1.4. Monoidal natural transformations. Let F': C — D and G: C — D be two
monoidal functors. A natural transformation ¢: F' — G is monoidal if it satisfies

Pxey I (X,Y) =G(X,Y)(px ®py) and Go = @1 Fp.

1.5. Comonoidal functors. Let (C,®, 1) and (D,®, 1) be two monoidal cate-
gories. A comonoidal functo from C to D is a triple (F, Fy, Fy), where F': C — D
is a functor,

F={[RX)Y): F(X®Y) = F(X)® F(Y)}xyecone)

is a natural transformation (from F® to F ® F'), and Fy: F(1) — 1 is a morphism
in D such that

(idpx) @ Fo(Y, 2)) F2(X,Y @ Z) = (Fo(X,Y) @ idpz)) F2(X @Y, Z),
(idp(x) ® Fo)F2(X, 1) = idr(x) = (Fo ® idr(x)) F2(1, X),

for all objects X,Y, Z of C.
We denote by F3: F®3 — F®3 the natural transformation defined by

Fy(X,Y, 2) = (idpx) @ Fa(Y, 2) Fa(X,Y @ Z)
= (F(X,Y) ®idF(Z))F2(X ®Y, 7).

A comonoidal functor (F, Fy, Fp) is said to be strong (resp. strict) if Fy and Fj
are isomorphisms (resp. identities). In that case, (F, Fy ', Fy ') is a strong (resp.
strict) monoidal functor.

1.6. Comonoidal natural transformations. Let F': C — D and G: C — D be
two comonoidal functors. A natural transformation ¢: F — G is comonoidal if it
satisfies

G2 X, Y)oxey = (px @ oy)Fo(X,Y) and Gopr = Fo.

I Comonoidal functors are also called opmonoidal functors.
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1.7. Autonomous categories. Recall that a duality in a monoidal category C is a
quadruple (X,Y, e, d), where X, Y are objects of C, e: X @Y — 1 (the evaluation)
and d: 1 - Y ® X (the coevaluation) are morphisms in C such that

(6 ®1dx)(ldx ® d) =idx and (ldy ® 6)(d® ldy) =idy.

Then (X, e,d) is a left dual of Y and (Y, e,d) is a right dual of X.
If D= (X,Y,e,d) and D' = (X', Y’ €',d") are two dualities, two morphisms
f: X — X' and g: Y =Y are in duality with respect to D and D’ if

¢(f®idy/) =e(idx ® g) (or, equivalently, (idy: ® f)d = (¢ ® idx)d’).

In that case we write f = Ygp pr and g = f p,, or simply f = Vg and g = f.
Note that this defines a bijection between Home (X, X') and Home (Y, Y).

Left and right duals, if they exist, are essentially unique: if (Y, e, d) and (Y”, €', d’)
are right duals of some object X, then there exists a unique isomorphism «: ¥ — Y’
such that ¢’ = e(idx ® u™!) and d’ = (v ® idx)d.

A left autonomous (resp. right automomous, resp. autonomous) category is a
monoidal category for which every object admits a left dual (resp. a right dual,
resp. both a left and a right dual).

Assume C is a left autonomous category and, for each object X, pick a left dual
(VX,evx,coevy). This data defines a strong monoidal functor “?: CoP-®°P — C,

Likewise, if C is a right autonomous category, then picking a right dual (X", évx,
coevy) for each object X defines a strong monoidal functor ?¥: CoP:®P —; C,

Subsequently, when dealing with left or right autonomous categories, we shall
always assume tacitly that left duals or right duals have been chosen. Moreover, in
formulae, we abstain from writing the following canonical isomorphisms:

(X, Y)W e VX 5 V(X ®Y), Y20: 1 = V1,
WX, Y):YVeXY - (XQY)Y, 7201 — 1Y,
and
(6vx ® idy(xv))(idx ® coevyv): X = (XV),
(id(vx)v ® evx)(cosvvy ®idx): X — (VX)".

1.8. Braided categories. Recall that a braiding on a monoidal category C is a
natural isomorphism

T={rxy: X®Y =Y ® X}x yveon()
(from ® to ®o¢ ¢) such that
TX,YQZ = (ldy ® Tx)z)(Tx)y ® ldz) and TX®Y,Z = (TX7Z ® ldy)(ldx ® Ty7z).

A braided category is a monoidal category endowed with a braiding.

The mirror of a braiding 7 is the braiding 7 defined by Txy = T;k The
mirror of a braided category B is the braided category B which coincides with B as
a monoidal category but is endowed with the mirror braiding.
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If B is braided with braiding 7, then B®°P is braided with braiding 7° defined by
Txy = Tv,x- Note that 7 — 7° is a bijection between braidings on 5 and braidings
on B®°p,

1.9. Braided functors. A braided functor between two braided categories B and
B’ is a strong monoidal functor F': B — B’ such that

F(rxy)F2(X,Y) = B(Y, X)Tpx) r(v)
for all objects X,Y of B, where 7 and 7’ are the braidings of B and B'.

Example 1.1. If B is a braided category with braiding 7, the monoidal functor
(1p,7,idy): B®°P — B is a braided isomorphism.

1.10. The center of a monoidal category. Let C be a monoidal category. A
left half braiding of C is a pair (M, o), where M is an object of C and

c={ox: M®X = X ® M} xeobc)

is a natural transformation (from M ® 1¢ to 1¢ ® M) such that:
(1) Oygz = (ldy ® Uz)(Uy ® ldz) forall Y, Z € Ob(C),
(ll) g1 = idM;

(iii) o is an isomorphism.

Note that if C is autonomous, (iii) is a consequence of (i) and (ii).

The center of C is the braided category Z(C) defined as follows. Its objects are
left half braidings of C. A morphism in Z(C) from (M, o) to (M’, ¢’) is a morphism
f: M — M'in C such that (id;, ® f)o = ¢’(f ®id1,). The monoidal product and
braiding 7 are

(M,0)® (N,7) = (M ®N,(c@idy)(idyy ®7)) and  T(a1,0),(Ny) = ON-
Note that if C is autonomous, so is Z(C).

Remark 1.2. Likewise, define a right half braiding of a monoidal category C to be
a pair (M, o), where M is an object of C and 0: 1¢c ® M — M ® 1¢ is a natural
transformation satisfying analogous axioms. Right half braidings form a braided
category Z'(C) with braiding: T(/]V[,U),(N,w) = vp. We have

Z'(C) = Z(C°P)°P = Z(C®P)Qop,

The braided category Z'(C) is isomorphic to the mirror of Z(C) via the braided
isomorphism given by (M, o) — (M,c™1).

1.11. Algebras, bialgebras, and Hopf algebras in categories. Let C be a
monoidal category. An algebra in C is an object A of C endowed with morphisms
m: A® A — A (the product) and u: 1 — A (the unit) such that

m(m®ida) =m(ida @ m) and m(idg @ u) =idg = m(u ®ida).

A coalgebra in C is an object C of C endowed with morphisms A: C — C ® C (the
coproduct) and €: C'— 1 (the counit) such that

(A®ide)A = (ide ® A)A  and  (ide ® €)A = ide = (¢ ® ido)A.
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Let B be a braided category with braiding 7. A bialgebra in B is an object A
of B endowed with an algebra structure (m, u) and a coalgebra structure (A, ¢) in B
satisfying

Am = (m@m)(ida @ 74,4 ®ida)(A ® A), Au=u® u,
EMm=¢e®e¢, eu = idj.
Let A be a bialgebra in 5. Set

op __ —1 cop __ , —1
m® =m7, , and A 77A1AA.

Then (A, m°P,u, A, ¢) is a bialgebra in the mirror B of B, called the opposite of A,
and denoted by A°P. Similarly (A, m,u, AP, ¢) is a bialgebra in B, called the co-
opposite of A, and denoted by A°°P. Consequently A®°P°P = (A°P)°P ig a bialgebra
in B (with product m74 4 and coproduct TZ’ZA).

An antipode for a bialgebra A is a morphism S: A — A in B such that

m(S ®@ida)A = ue = m(ida ® S)A.

If it exists, an antipode is unique, and it is a morphism of bialgebras A — A<°P-°P,
A Hopf algebra in B is a bialgebra in B which admits an invertible antipode.

If A is a Hopf algebra in B, with antipode S, then A°P and A“°P are Hopf algebras
in the mirror B of B, with antipode S~!.

1.12. Modules in categories. Let (A, m,u) be an algebra in a monoidal cate-
gory C. A left A-module (in C) is a pair (M, r), where M is an object of C and
r: A® M — M is a morphism in C, such that

r(m®idy) =r(ida ®@r) and r(u®idy) =idy.

An A-linear morphism between two left A- modules (M, r) and (N, s) is a morphism
fi+ M — N such that fr = s(id4 ® f). Hence the category AC of left A- modules.
Likewise, one defines the category C4 of right A- modules.

Let A be a bialgebra in a braided category B. Then the category 48 is monoidal,
with unit object (1,¢) and monoidal product

(M,7)® (N,s) = (r®s)(ida ® Ta,m ®idn)(A @idyen),

where A and e are the coproduct and counit of A, and 7 is the braiding of B.
Likewise the category B4 is monoidal, with unit object (1,¢) and monoidal product

(M,r)® (N,s) = (r®s)(idy @ Tv,4a ®1da)(A @idpen)-

Assume B is autonomous. Then 4B is autonomous if and only if B4 is au-
tonomous, if and only if A is a Hopf algebra. If A is a Hopf algebra, with antipode S,
then the duals of a left A-module (M, r) are

(M, r) = (YM, (evar ® idvar) (idvar ® 7(S ® idar) @ idvar) (Tavar ® coevay)),

(M,r)" = (MY, (idyv ® 6var)(idarv @ 773}y @ idagv ) (coevay @ ST @ idasv)),
and the duals of a right A-module (M, r) are

(M, r) = (YM, (evy @ idvay) (idvas @ 17y, @ idvay ) (idvay ® S™' @ coevay)),

(M,r)" = (MY, (idyv ® &ar) (idarv @ 7(idar @ S) @ idagv ) (Coevar @ Tarv 4))-
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Remark 1.3. Let A be a Hopf algebra in a braided category B, with braiding 7.
The functor Fa: aB — By, defined by Fs(M,r) = (M,rmaa(idy ® S)) and
F4(f) = f, gives rise to a monoidal isomorphism of categories:

FA = (FA,T, ﬂ): (AB)®OP —)BA.

Therefore braidings on 4B are in bijection with braidings on B4. More precisely,
if ¢ is a braiding on B4, then

-1
C/(M,TL(N,S) = TM,N CFs(N,s),Fa(M,r) TN, M

is a braiding on 4B, making F4 braided, and the correspondence ¢ — ¢’ is bijective.

1.13. Penrose graphical calculus. We represent morphisms in a category by

diagrams to be read from bottom to top. Thus we draw the identity idx of an

object X, a morphism f: X — Y, and its composition with a morphism ¢g: ¥ — Z
as follows:

A
X Y
idX=‘7 f:7 and gf = 0.
X X

X
In a monoidal category, we represent the monoidal product of two morphisms
f: X =Y and g: U — V by juxtaposition:

Yy v
X U
The duality morphisms of an autonomous category are depicted as

XX — XVX
evy = m , coevy = , €vy = m , and coevy = :
X x U X XV U
The braiding 7 of a braided category, and its inverse, are depicted as
Yy X Y X
T = and T = \
XY A VX~ ,
X v X v

Given a Hopf algebra A in a braided category, we depict its product m, unit u,
coproduct A, counit ¢, antipode S, and S~ as follows:
A

A A A A
m:/J\’ ’u/:l7 A:\[/ €:T7 S:é, 571:
A 4 A 4 A

2. HOPF MONADS AND THEIR MODULES

S, U

In this section, we review the notion of a Hopf monad. For a general treatment,
we refer to [BVQT7].

2.1. Monads. Let C be a category. Recall that the category End(C) of endofunc-
tors of C is strict monoidal with composition for monoidal product and identity
functor 1¢ for a unit object. A monad on C is an algebra in End(C), that is, a
triple (T, u,n), where T': C — C is a functor, u: T? — T and n: 1¢ — T are natural
transformations, such that

pxT(px) = pxprx) and  pxnpx) = idpex) = pxT(nx)
for any object X of C.
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Example 2.1. Let A be an algebra in a monoidal category C, with product m and
unit . Then the endofunctor ? ® A of C, defined by X — X ® A, has a structure
of a monad on C with product p = id;, ® m and unit n = id;, ® w. Similarly, the
endofunctor A® ? is a monad on C with product m ® id;, and unit u ® id;,.

2.2. Bimonads. A bimonadd on a monoidal category C is a monad (T, u,n) on
C such that the functor T: C — C is comonoidal and the natural transformations
w: T? = T and n: 1¢ — T are comonoidal. In other words, T is endowed with a
natural transformation To: T® — T ® T and a morphism Ty: T(1) — 1 in C such
that
(idrx) @ (Y, 2) (XY ® Z) = (To(X,Y) @idr(z) T2(X ® Y, Z),
(idrx) ® To)To(X, 1) = idpx) = (To ® idp(x))T2(1, X)

and

(X, Y)pxey = (ux ® py ) To(T(X), T(Y))T(T2(X,Y)),
Tops = ToT(To),  To(X,Y)nxey = (nx @ny),  Tony =idy.
Remark 2.2. A bimonad on a monoidal category C is nothing but an algebra in the

strict monoidal category of comonoidal endofunctors of C (with a monoidal product
o and a unit object 1¢).

Remark 2.3. A bimonad T on a monoidal category C = (C,®, 1) may be viewed
as a bimonad T°°P on the monoidal category C®°P = (C,®°P, 1), with comonoidal
structure Ty P (X,Y) = Tp(Y, X) and T;°® = Tp. The bimonad T°°P is called the
coopposite of the bimonad T. We have TP-C®°P = (T-C)®°P.

2.3. Antipodes. Right and left antipodes of a Hopf monad generalize the antipode
of a Hopf algebra and its inverse. Let (T, u,7n) be a bimonad on a monoidal cate-
gory C.
Assume C is left autonomous. A left antipode for T is a natural transformation
st = {s: T("T(X)) — X} xeob(c) satisfying
ToT(eVX)T(VT]X ®idx) = evy(x) (S%(X)T(vux) & idT(X))TQ(VT(X), X),
(nx ®idvx)coevx Ty = (ux @ sk )To(T(X), vT(X))T(coevT(X)),
for every object X of C. By [BV07, Theorem 3.7], a left antipode s' is ‘anti-
(co)multiplicative’: for all objects X,Y of C,
SZXMVT(X) = SlXT(SlT(X))TQ(VMX)a SlXﬂVT(X) = vT)Xa
SxayT(To(X,Y)) = (sy @ s )T2('T(Y), T(X)),  s{T("To) = To.
Assume C is right autonomous. A right antipode for T is a natural transformation
s" = {s%: T(T(X)") — XV} xeon(c) satisfying
TyT(6vx)T(idx © %) = évr(x) (idr(x) © 700 T (%) To(X, T(X)"),
(idxv ® nx)coevx Ty = (s ® uX)TQ(T(X)V,T(X))T(CBE/T(X)),

2Bimonads were introduced in [Moe02] under the name ‘Hopf monads’, which we prefer to
reserve for bimonads with antipodes by analogy with Hopf algebras.
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for every object X of C. By [BV07, Theorem 3.7], a right antipode s" is also
‘anti-(co)multiplicative’: for all objects X,Y of C,

STX,UT(X)V = STXT(STT(X))TQ(,UXV)v STXnT(X)V = UXV,
SxayT(Ta(X,Y)") = (sy @ s5)To(T(YV), T(X)"),  siT(Ty") = To.

Note that if a left (resp. right) antipode exists, then it is unique. Furthermore,
when both exist, the left antipode s' and the right antipode s™ are ‘inverse’ to each
other in the sense that idpx) = SCT(X)T((st)V) = slT(X)VT(V(STX)) for any object
X of C.

2.4. Hopf monads. A Hopf monad is a bimonad on an autonomous category
which has a left antipode and a right antipode.

Hopf monads generalize Hopf algebras in a non-braided setting. In particu-
lar, finite-dimensional Hopf algebras and several generalizations (Hopf algebras in
braided autonomous categories, bialgebroids, etc.) provide examples of Hopf mon-
ads. In fact, any comonoidal adjunction between autonomous categories gives rise
to a Hopf monad (see Theorem B3). It turns out that much of the theory of
finite-dimensional Hopf algebras (such as the decomposition of Hopf modules, the
existence of integrals, Maschke’s criterium of semisimplicity, etc.) extends to Hopf
monads; see [BVQT].

Example 2.4 (Hopf monads associated with Hopf algebras). Let A be a Hopf
algebra in a braided autonomous category B, with braiding 7. According to [BV07],
the endofunctor ? ® A of B has a structure of a Hopf monad on B, with product
@ =idy, ® m, unit n = id;, ® u, comonoidal structure given by

(?T®@A)2X,Y) = (ldx ® 7yv,.4a ®1d4)(idxgy ® A) and (?7® A)g =¢,
and left and right antipodes
le = (eva ®idvy)(idva ® Tvx a)(idvagvx ® S7h),
s = (Va4 ®idxv)Tavexv,a(idavexy ® S).

Pictorially, the structural morphisms of 7 ® A are

X A X A XAY A
X A A X XY A4
\/X X\/
codn=] k=g %=y
A VA VX A AV XV A

Similarly, the endofunctor A®? of B has a structure of a Hopf monad on B, with
product p = m ®id;,, unit n = u ® id; ;, comonoidal structure

(A®7)2(X,Y) = (lda ® Ta,x ®1dy)(A ®idxey) and (A®7)y=¢,
and left and right antipodes

Sfx = (ide ® GVA)TA7VX®\/A(S X ide®vA)7

sy = (idxv ®€A{1A)(TA’X\/ ®idvA)(S_1 ®idXv®Av).
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Pictorially, the structural morphisms of A®? are

A X A X AXAY
\
Hx = /]\ ‘7 77X:J) ‘a (A®?)2(X’Y): \/\ ‘7
AAX X A XY
\/X XV
|
(A®?)0:T’ Slxzpy, st =
! 1) \
AVX VA A XV A

Example 2.5. The previous example can be extended to the non-braided setting
as follows. Let C be an autonomous category and (A, o) be a Hopf algebra in the
center Z(C) of C (see Section [[I0). Denote by m, u, A, €, S the product, unit,
coproduct, counit, and antipode of (A, o). Observe that (A, m,u) is an algebra in C.
Then the endofunctor A®7 of C has a structure of a Hopf monad on C, denoted by
A®,?, with product p# = m ®id;,, unit n = v ® id; ., comonoidal structure

(A®,7)2(X,Y) = (ida ® ox ®idy)(A®idxgy) and (A®,7)o=¢,
and left and right antipodes
sy = (idvx ® eva)ovxeva(S @ idvxgva),
s = (idxv @ éva)(oxv @idva)(S™! @ idxvegav).
Likewise, if (4, 0) is a Hopf algebra in Z’(C) (see Remark[I.2)), then the endofunctor

?7® A of C has a structure of a Hopf monad on C, denoted by ? ®, A, with product
@ =idj, ® m, unit n =id;, ® u, comonoidal structure given by

(7 @y A)2(X,Y) = (idy ® oy ®ida)(idxey ®A) and (7@, A)g = ¢,

and left and right antipodes

s{x = (eva ®idvy)(idva ® ovx)(idvagvx ® S,

STX = (é\{fA ®idXV)O'A\/®X\/(idAv®X\/ ®S)

Note that if A is a Hopf algebra in an autonomous braided category B with braid-
ing 7, then (A, 74,_) is a Hopf algebra in Z(B), (A, 7_ 4) is a Hopf algebra in Z’(B),
and we have ARQ? = A®TA,7? and 7® A =7 Qr_ 4 A as Hopf monads on B.

2.5. Modules over a monad. Let (T, u,n) be a monad on a category C. An
action of T on an object M of C is a morphism r: T(M) — M in C such that

rT(r) =ruy and  rgy = idy.

The pair (M,r) is then called a T-module in C, or just a T-modulel

Given two T-modules (M,r) and (N,s) in C, a morphism of T-modules from
(M,r) to (N,r) is a morphism f € Home¢ (M, N) which is T-linear, that is, such
that fr = sT'(f). This gives rise to the category T-C of T-modules (in C), with
composition inherited from C. We denote by Up: T-C — C the forgetful functor
of T defined by Ur(M,r) = M for any T-module (M,r) and Ur(f) = f for any
T-linear morphism f.

3Pairs (M, r) are usually called T-algebras in the literature (see [Mac98]). However, throughout
this paper, pairs (M,r) are considered as the analogues of modules over an algebra, and so the
term ‘algebra’ would be awkward in this context.
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Example 2.6. Let A be an algebra in a monoidal category C and consider the
monads ? ® A and A®? of Example 21 Then the category of (? ® A)-modules
(resp. of (A®?)-modules) coincides with the category C4 of right A-modules in C
(resp. with the category 4C of left A-modules in C):

(?® A)-C=C4s and (A®?)-C = AC.

2.6. Tannaka dictionary. Structures of bimonad and Hopf monad on a monad T’
have natural interpretations in terms of the category of T- modules:

Theorem 2.7 ([BVO07]). Let T be a monad on a monoidal category C and T-C be
the category of T-modules. Then:

(a) If T is a bimonad, then the category T-C is monoidal by setting
(M,r)® (N,s) = (M ®N,(r@s)To(M,N)) and 1p.¢c=(1,Tp).

Moreover, this gives a bijective correspondence between bimonad structures
on the monad T and monoidal structures on T-C such that the forgetful
functor Up: T-C — C is strict monoidal.

(b) Assume T is a bimonad and C is left (resp. right) autonomous. Then T
has a left (resp. right) antipode if and only if T-C is left (resp. right) au-
tonomous. If st is a left antipode for T, left duals in T-C are given by

V(M,r) = (M, slMT(vr))7 eV(aM,r) = €VM, COeV(pfy) = COCVyf,
and if s is a right antipode for T, right duals in T-C are given by

(M,r)Y = (MY, sh,T(r)), eV(M,r) = €V, COCV(pf,) = COCVy.

(c¢) Assume T is a bimonad and C is autonomous. Then T is a Hopf monad if
and only if T-C is autonomous.

Example 2.8. Let A be a Hopf algebra in a braided autonomous category 5 and
consider the Hopf monads ? ® A and A®? of Example 2.4l Then

(?®A)-B=Bs and (A®?)-B= 4B
as monoidal categories.

Example 2.9. More generally, let C be a monoidal category and (A, o) be a Hopf
algebra in the braided category Z(C). Then 4C coincides with the category of
modules over the Hopf monad A®,? on C defined in Example Hence 4C is
autonomous, with unit object (1,¢) and monoidal product

(M, 7’) X (N, S) = (7’ X S)(ldA XKooy K ldN)(A X id]v[®N).

Likewise, if (A, o) is a Hopf algebra in the braided category Z'(C) (see Remark [[2)),
then C4 coincides with the category of modules over the Hopf monad 7 ®, A, and
so is autonomous, with a unit object (1,¢) and a monoidal product

(M, 7’) ® (N, S) = (7’ ® S)(idM ®oN ®idA)(idM®N ® A)
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2.7. Quasitriangular Hopf monads. An R-matriz for a Hopf monad (T, i, 7n)
on an autonomous category C is a natural transformation

R={Rxy: X®Y = T(Y)®T(X)}x veonc)
such that, for all objects X, Y, Z of C,
(y @ px)Rrx) ro)T2(X,Y) = (uy @ pux)To(T(Y), T(X))T(Rx,y),
(idr(z) ® To(X,Y))Rx o,z
= (pz ®@idrxyery)) (Rx,r(2) @ idpiyy)(idx ® Ry,z),
(Ix(Y, Z) ®idp(x))Rx,yez
= (idrvyer(z) ® px)(idry) ® Rrx),z)(Rx,y ®idz),
(idpx) @ To) Ry, x = nx = (To ® idp(x)) Rx,1-
A quasitriangular Hopf monad is a Hopf monad equipped with an R-matrix.
Remark 2.10. For a bimonad, an R-matrix is also required to be x-invertible (see
[BV07, Section 8.2]). For a Hopf monad T', this condition is automatic and we have
Ry = (idrxerey) ®evx (sk ®@idx))
(idp(x) @ Rvp(xy,y ®idx)(coevyxy ® idygx),
= (evy (idy ® s%) @ id7(x)or(v))
(idy ® Rx p(y)v ® idryy)(idyegx @ coevr(y)),
where s! and s” are the left and right antipodes of T'.

There is a natural interpretation of R-matrices for a Hopf monad T in terms of
braidings on the category of T-modules:

Theorem 2.11 ([BV07]). Let T be a Hopf monad on an autonomous category C.
Then any R-matriz R for T defines a braiding T on the category T-C as follows:

T(M,),(N,s) = (8@ )Ry n: (M,7) @ (N,5) = (N,s) ® (M,7).
This assignment is a bijection between R-matrices for T and braidings on T-C.

Remark 2.12. In Section [R.6] we define R-matrices for a Hopf algebra A in a braided
autonomous category B admitting a coend C. These R-matrices are morphisms
t: C®C — A® A which encode R-matrices for the Hopf monads 7 ® A and A®?.
They generalize the usual R-matrices for finite-dimensional Hopf algebras.

2.8. Morphisms of Hopf monads. A morphism of monads between two monads
(T, ,m) and (T, ', n’) on a category C is a natural transformation f: T'— T’ such
that, for every object X of C,

fxpx = px frx)T(fx) and  fxnx =n%.

According to [BV07, Lemma 1.7], a morphism of monads f: T — T’ yields a
functor f*: T'-C — T-C defined by f*(M,r) = (M,rfar). Moreover, the mapping
f — f*is a bijective correspondence between: (i) morphisms of monads f: T'— T”,
and (ii) functors F': T'-C — T-C such that UpF = Up.

A morphism of bimonads between two bimonads T and T” on a monoidal cate-
gory C is a morphism of monads f: T — T’ which is comonoidal, that is,

T5(X,Y) fxey = (fx @ fy)T2(X,Y) and Tjf1 = To.
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According to [BVOT7, Lemma 2.9], the associated functor f*: T7-C — C — T-C
is then monoidal strict. Moreover, the mapping f — f* is a bijective correspon-
dence between: (i) morphisms of bimonads f: T — T, and (ii) monoidal functors
F:T'-C — T-C such that UpF = Ups as monoidal functors.

A morphism of Hopf monads is a morphism of bimonads between Hopf monads.

Example 2.13. Let A be a Hopf algebra in a braided autonomous category B,
with braiding 7. Recall that A°P is a Hopf algebra in the mirror B of B. The Hopf
monad ? ® A°? on B may be seen as a Hopf monad on 5. Then

Ta2: ART = 7@ A°P
is an isomorphism of Hopf monads and
(Ta?)*: Baow = (7@ AP)-B — (A®?)-B = 4B

is an isomorphism of monoidal categories. Likewise, since (A°P)°P = A as Hopf
algebras in B, 77 4 induces isomorphisms ? ® A — A°P®?7 and 4008 — Ba.

3. HOPF MONADS, COMONOIDAL ADJUNCTIONS, AND COENDS

Monads and adjunctions are closely related. This relationship extends naturally
to Hopf monads and comonoidal adjunctions between autonomous categories. We
show that the forgetful functor of a Hopf monad creates and preserves coends.
Lastly, we define the pushforward of a Hopf monad under an adjunction and, as a
special case, the cross product of Hopf monads.

3.1. Adjunctions. Let C and D be categories. Recall that an adjunction is a pair
of functors (F': C — D,U: D — C) endowed with a bijection

Homp (F(X),Y) ~ Home (X, U(Y))

which is natural in both X € Ob(C) and Y € Ob(D). The functor F' is then
called a left adjoint of U and the functor U a right adjoint of F. Note that a left
(resp. right) adjoint of a given functor, if it exists, is unique up to a unique natural
isomorphism.

An adjunction (F,U) is entirely determined by two natural transformations
n: le = UF and €: FU — 1p satisfying

U(E)’I]U:id(] and €FF(77):idF.

These transformations 7 and ¢ are respectively called the unit and counit of the
adjunction, and collectively the adjunction morphisms.

Adjunctions may be composed: given two adjunctions (F: C — D,U: D — C)
and (F': D — E,U": £ —» D), the pair (F'F: C — E,UU’: £ — C) is an adjunction
called the composite of (F,U) and (F’,U").

Adjunctions and monads are closely related. Indeed, if T is a monad on a
category C, then the forgetful functor Ur: T-C — C has a left adjoint Fr: C — T-C,
defined by Fr(X) = (T(X), px) for any object X of C and Fr(f) = T(f) for any
morphism f in C. The unit of the adjunction (Fp,Ur) is the unit n: l¢ = T =
Ur Fr of the monad T', and the counit e: FpUpr — 1p-¢ of (Fp, Ur) is the T- action,
that is, e(as,ry = 7 for any T-module (M, ).

Moreover, if (F: C — D,U: D — () is a pair of adjoint functors, with adjunction
morphisms n: 1¢ — UF and €: FU — 1p, then T'= UF is a monad on C with a
product u = U(er): T?> — T and unit n. The monad (T, u,n) is called the monad
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of the adjunction (F,U). In addition, there exists a unique functor K: D — T-C
such that Upr K = U and KF = Fp. The functor K is called the comparison functor
and is given by K (D) = (U(D),U(ep)) for any object D of D.

Note that if T is a monad on C, then T is the monad of the adjunction (Fr, Ur)
and the comparison functor is the identity functor. In general, however, the com-
parison functor of an adjunction need not be an equivalence.

3.2. Monadic adjunctions. An adjunction is monadic if its comparison functor
(see Section B1]) is an equivalence. Remark that the composite adjunction of two
monadic adjunctions need not be monadic.

A functor U: D — C is monadic if it admits a left adjoint F': C — D and
the adjunction (F,U) is monadic. If such is the case, the monad T' = UF of
the adjunction (F,U) is called the monad of U. It is well-defined up to a unique
isomorphism of monads (as the left adjoint F' is unique up to a unique natural
isomorphism).

For example, if T' is a monad on a category C, the forgetful functor Ur: T-C — C
is monadic with monad T'.

Remark 3.1. Let U: D — C be a functor. If there exist a monad T on C and an iso-
morphism of categories K : D — T-C such that U = Up K, then F = K~ ' Fr is left
adjoint to U and the adjunction (F,U) is monadic with monad 7" and comparison
functor K.

3.3. Hopf monads and comonoidal adjunctions. A comonoidal adjunction is
an adjunction (F: C — D,U: D — C), where C and D are monoidal categories, such
that the right adjoint U: D — C is strong monoidal. In that case, the functor F' is
comonoidal, with comonoidal structure given by

Fy(X,)Y) = epxory FU2(FX,FY)F(nx ®ny) and Fy = ¢ F(Uy),

and the adjunction unit 7: 1¢ — UF and counit €: FU — 1p are comonoidal
natural transformations (viewing U as a strong comonoidal functor).

For example, if T' is a bimonad on a monoidal category C, then the adjunction
(Fr,Ur) is comonoidal.

Remark 3.2. Comonoidal adjunctions are called monoidal adjunctions in [BVOT].
However, it is preferable to call them comonoidal adjunctions since they are noth-
ing but adjunctions (F,U) such that F and U are comonoidal functors and the
adjunction unit n: 1¢ — UF and counit e: FU — 1p are comonoidal natural
transformations. Indeed, in that case, U is a strong comonoidal functor, with
Us(X,Y) ™ = Ulex @ ey) UF(U(X), U(Y))nu(x)eu(y), which we may view as a
strong monoidal functor.

The monad of a comonoidal adjunction between monoidal categories (resp. au-
tonomous categories) is a bimonad (resp. a Hopf monad). More precisely:

Theorem 3.3 ([BVO0T7]). Let (F: C — D,U: D — C) be a comonoidal adjunction
between monoidal categories. Denote by T = UF the monad of this adjunction.
Then the functor F is comonoidal and T is a bimonad on C. The comparison
functor K: D — T-C is strong monoidal and satisfies UprK = U as monoidal
functors and KF = Fr as comonoidal functors. If the categories C and D are
furthermore autonomous, then the bimonad T is a Hopf monad.
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Remark 3.4. Let (F,U) be a comonoidal adjunction between autonomous cate-
gories, with unit 1 and counit €. Let T'= UF be the Hopf monad associated with
this comonoidal adjunction (see Theorem [B3]). Then the comonoidal structure and
antipodes of T are:

L(X,Y) = U2(F(X), F(Y)) "' Ulereryy) UF (U2(F(X), F(Y) (nx @1y)),
Ty = Uy ' U(er) UF(Up),

six = Yix UL(F (X)) Uevrx) UF (U1(F(X))),

s’ = nx Ul (F(X)) 7' Ulercx)v) UF (U7 (F(X))),

where UL(Y): YU(Y) = U(Y) and U (Y): U(Y)Y — U(Y"V) are the compatibility
isomorphisms of U with duals (see [BVQT, Section 3.2]).

3.4. Hopf monads and right adjoints. If F': C — D is a functor between au-
tonomous categories, denote by F': C — D the functor defined by F'(X) = F(VX)"
and F'(f) = F(Yf)" for all objects X and morphisms f in C.

Lemma 3.5. Let U: D — C be a strong monoidal functor between autonomous
categories. If F: C — D is a left adjoint for U, then F' is a right adjoint for U.

Proof. Since U is strong monoidal, we have U(YX) ~ “U(X) for any object X of
C. Hence we have the following isomorphisms:

Home (U(X),Y) ~ Home (Y, 'U(X)) ~ Home (Y, U (VX))
~ Homp (F (YY), YX) ~ Homp (X, F(Y)") = Homp (X, F(Y))

which are natural in both X € Ob(C) and Y € Ob(D). O

Proposition 3.6. Let T be a Hopf monad on an autonomous category C. Then:

(a) The endofunctor T" of C is a right adjoint of T.
(b) The functor F:'F C — T-C 1is a right adjoint of the forgetful functor Ur.

Proof. Part (a) is [BV07, Corollary 3.12]. Part (b) is Lemma applied to the
comonoidal adjunction (Fr,Ur). O

Remark 3.7. If T' is a Hopf monad on an autonomous category C, then the ad-
junction morphisms e: TT' — 1¢ and h: 1l¢ — T'T are given by ex = sVy and
hx = (le)V7 where s! and s” denote the left and right antipodes of 7.

Recall that a functor G: D — C preserves colimits if the image under G of a
colimit in D is a colimit in C. A functor G: D — C creates colimits if, for any
functor F': I — D such that GF': I — C has a colimit, this colimit lifts uniquely to
a colimit of F'. See [Mac98] for more precise definitions.

Since the forgetful functor of a monad which preserves colimits creates colimits
(by [Bor94l, Proposition 4.3.2]), Proposition admits the following corollary:

Corollary 3.8. A Hopf monad T on an autonomous category C preserves colimits,
and its forgetful functor Ur: T-C — C creates and preserves colimits.
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3.5. Coends and Hopf monads. Let C and D be categories and F': C°? xC — D
be a functor. A dinatural transformation d: F — Z from F to an object Z of D
is a family d = {dx: F(X,X) — Z}xeon(c) of morphisms in D satisfying the
dinaturality condition

dy F(idy, f) = F(f,idx)dx

for every morphism f: X — Y in C. We denote by DINAT(F, Z) the set of dinatural
transformations from F to Z.

A coend of a functor F': C°? xC — D consists of an object C of C and a dinatural
transformation ¢: F' — C which is universal in the sense that, for every dinatural
transformation d: F' — Z, there exists a unique morphism r: C — Z such that
dx =roix for all X € Ob(C). In other words, the map

Homp(C,Z) — DiINaT(F,Z)
T o= T

is a bijection. The dinatural transformation ¢ is then called a universal dinatural
transformation for F'. A coend of F, if it exists, is unique up to unique isomorphism.
Following [Mac98], we denote it by fXGC F(X,X).

Coends are well-behaved under adjunction:

Lemma 3.9. Let C, D, £ be categories, (F: C — D,U: D — C) be an adjunction,
and G: D°P x C — & be a functor. We have

Xel YeD
/ G(F(X), X) = / GY,U(Y)),

meaning that if either coend exists, then both exist and they are naturally isomor-
phic.

Proof. Denote by n: 1¢ — UF and €: FU — 1p the adjunction morphisms. The
lemma results from the existence of a bijection:

¢: DINAT(G(F x 1¢), E) = DINAT(G(1pe» x U), E)

which is natural in E € Ob(E). It is defined by ¢(d) = dyG(e,idy), and its inverse
by 7H(t) = trGidp,n). O

Coends are special cases of colimits (see [Mac98]), and in particular, a functor

which preserves (resp. creates) colimits preserves (resp. creates) coends. Hence, by
Corollary 3.8

Proposition 3.10. Let T be a Hopf monad on an autonomous category C and
F:D® xD — T-C be a functor. Then the coend C = fYED UrF(Y)Y) ex-
ists if and only if the coend fYED F(Y,Y) exists. Moreover, given a coend C =
fYED UrF(Y,Y) with universal dinatural transformation iy: UpF(Y,Y) — C,
there exists a unique actionr: T(C) — C of T on C such thatiy: F(Y,Y) — (C,r)

is T-linear. We then have (C,r) = fYED F(Y,Y) with universal dinatural trans-
formation i. The morphism r: T(C) — C is characterized by

rT(iy) =iyay, where F(Y,Y)=(UrF(Y,Y),ay),

as T'(i) is a universal dinatural transformation.
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3.6. Pushforward of a monad under an adjunction. Let (F:C — D,U: D —
C) be an adjunction and @ be an endofunctor of D. The endofunctor UQF of C is
called the pushforward of Q under the adjunction (F,U) and is denoted by (F, U).Q.

If @ is a monad, then (F,U).Q is a monad: it is the monad of the composite
adjunction (FoF,UUg) of (F,U) and (Fg,Ug).

If @ is comonoidal and (F,U) is comonoidal, then (F,U),Q is comonoidal with
comonoidal structure the composition of the comonoidal structures of Ur, Q,
and FT.

By Theorem B3] if the adjunction (F,U) is comonoidal and @ is a bimonad,
then (F,U).Q is a bimonad (since the composite of comonoidal adjunctions is a
comonoidal adjunction).

Finally, if C and D are autonomous, (F,U) is comonoidal, and @ is a Hopf
monad, then (F,U),Q is a Hopf monad.

Remark 3.11. The structural morphisms of (F,U).Q can be expressed using those
of @ and the adjunction morphisms of (F,U) (by applying Remark B-4]).

3.7. Cross products. Let T be a monad on a category C and @ be an endofunctor
of T-C. Denote by n and ¢ the unit and counit of (Ur, Frr). The pushforward of @
under the adjunction (Fr,Ur) is called the cross product of @Q by T and denoted
by @ x T. Recall that Q x T = UrQFr as an endofunctor of C.

If (Q,q,v) is a monad on T-C, then  x T is a monad on C with product p and
unit e given by

p=qp,Qegr,) and e=vp.n.

If T is a bimonad and @ is comonoidal, then @ x T is a comonoidal with

comonoidal structure given by

(@ T)2(X,Y) = Qa(Fr(X), Fr(Y)) Qep, (x)or () Fr(nx @ny)),
(Q@xT)o=QoQe1,1))-

If T and @ are bimonads, then @ x T is a bimonad. If T and @ are Hopf monads,
then @ x T is a Hopf monad with left and right antipodes given by

a’y = nxSip ) Qevorr(x))  and  ay = nx Sk x)Q(EQry(x)v)s

where S! and S™ are the antipodes of Q.

Example 3.12. Let H be a bialgebra over a field k and A be an H-module algebra,
that is, an algebra in the monoidal category g Vecty of left H-modules. In this
situation, the cross product A x H (see [Maj95], Proposition 1.6.6]) is the k-algebra
Ax H=A®Qy H with unit 14 ® 1y and product given by

(a®@h)(b® k)= alhq)-b) @ he) - k.
Recall that H®? is a monad on Vecty and A®? is a monad on g Vecty. Then
(A®?) x (H®?) = (Ax H)®?

as monads. Moreover, if H is a quasitriangular bialgebra and A is a H-module
bialgebra, that is, a bialgebra in the braided category g Vecty, then A x H is a
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k-bialgebra with counit e4 ® ey and coproduct given by

Ala®h) = Zau) ®t; - h(1) QTi-ap) ® h(g),
A

where R = ), r;®t; is the R-matrix of H. In that case (A®7)x(H®?) = (AXH)®?
as bimonads.

4. DISTRIBUTIVE LAWS AND LIFTINGS

Given two monads P and T on a category C, when is the composition PT a
monad? How can one lift P to a monad on the category T-C? Beck’s theory of
distributive law [Bec69] answers these questions. In this section, we recall the basic
results of this theory and extend them to Hopf monads.

4.1. Distributive laws between algebras. Let (A, m,u) and (B, u,n) be two
algebras in a monoidal category C. Given a morphism 2: B& A — A® B in C, set
p=(mou)(ids®2®idg): (A®B)® (A® B) - (A® B).

Then (A® B,p,u®n) is an algebra in C if and only if  satisfies

Qlidp ®m) = (m®idp)(ida @ N)(N ®ida), Q(idp ® u) = v ®idp,
Qp®idy) = (idg @ u)(Q®idp)(idp @ Q), Qn®idy) =idg @ 7.
If such is the case, we say that Q is a distributive law of B over A. The algebra
(A® B,p,u®mn) is then denoted by A ®q B. Note that i = (idg®n): A - A®q B

and j = (u®idg): B — A®q B are algebra morphisms and that the middle unitary
law holds:

p(ida ®n@u®ida) = idags.
In other words, we have p(i ® j) = idags.
Remark 4.1. Let (C,p,e) be an algebra in C and i: A — C, j: B — C be two
algebra morphisms such that © = p(i ® j): A® B — C is an isomorphism in C.

Then there exists a unique distributive law € of B over A such that © is an algebra
isomorphism from A ®q B to C. Moreover:

Q=0"'p(®i), i=0(di®n) and j=0O(u®idp).

Remark 4.2. If a distributive law Q: B® A — AR B of B over A is an isomorphism,
then Q! is a distributive law of A over B and Q: B ®g-1 A = A ®q B is an
isomorphism of algebras.

Example 4.3. Let A and B be bialgebras in a braided category B. A distributive
law of B over A is comultiplicative if it satisfies
(ida ® 74,5 ®idp)(Aa ® Ap)Q = (2 ® Q)(idp ® 75,4 ®ida)(Ap ® Aa),
(ea®ep)l=¢ep®ea,
where 7 is the braiding of B. A comultiplicative distributive law is nothing but a

distributive law between algebras in the monoidal category of coalgebras in B. Let
Q be a comultiplicative distributive law of B over A. Then A ®q B is a bialgebra
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in B. Furthermore, if A and B are Hopf algebras, then A ®q B is a Hopf algebra
with structural morphisms:
MageB = (Ma ®mp)(ida ® Q@ idp), UARoB = UA ®UB,
Apgop = (da @ 745 ®idp)(As ® Ap), EARaB = €A ®ER,
Sagas = 54 ® Sp,
where m¢, uc, Ac, €c, Sc denote respectively the product, unit, coproduct,

counit, and antipode of a Hopf algebra C.

4.2. Lifting monads and bimonads. Let (P,m,u) be a monad on a category C
and U: D — C be a functor. A lift of the monad P to D is a monad (P, m, @) on D
such that PU = UP, my = U(m), and uy = U(@).

Let P be a bimonad on a monoidal category C and U: D — C be a strong
monoidal functor. A lift of the bimonad P to D is bimonad P on D which is a lift
of the monad P to D such that UP = PU as comonoidal functors.

4.3. Distributive laws between monads. Let (T, u,n) and (P, m,u) be monads
on a category C. Following Beck [Bec69|, a distributive law of T over P is a natural
transformation Q: TP — PT verifying
QxT(mx) = mpx)P(Qx)Qpx) OxT(ux) = urcx),
Qxppxy = Plpx)Qrx)T(2x), Qxnpx) = P(nx),
for all object X of C.
Remark 4.4. Viewing the monads T and P as algebras in the monoidal category

of endofunctors of C (with monoidal product o and unit object 1¢), the above
definition of a distributive law agrees with that given in Section Tl

Let © be a distributive law of T over P. First, ) defines a monad structure on
the endofunctor PT of C, with product p and unit e given by

pX:mT(X)PQ(‘LL)()P(QT(X)) and GXZUT(X)T])(.

The monad (PT,p,e) is denoted by P o T. Second, € defines a lift (P, m, @) of
the monad P to the category T-C as follows:

PY(M,r) = (P(M),P(r)Qu), 7arsy =ma, and G,y = uar.
Furthermore, there is a canonical isomorphism of categories
I { POAT-C) —  (PoqT)-C
((M,r),s) = (M,Ur(s)P(r))
with inverse
K1, { (PogT)-C — P%(T-C)
(A, a) — ((A, aura)),aP(na))

In fact K is the comparison functor of the composite adjunction

B Upa Ur
BT e ) =T e
Fsa Fr

P

Thus this composite adjunction is monadic with monad P oq T
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The assignments Q — Pog T and Q — P are one-to-one in the following sense:

Theorem 4.5 ([Bec69]). Let (T, p,n) and (P,m,u) be monads on a category C.
We have bijective correspondences between:
(i) distributive laws Q: TP — PT of T over P;
(ii) products p: PTPT — PT for which:
(a) (PT,p,urn) is a monad on C;
(b) up: T — PT and P(n): P — PT are morphisms of monads;
(c) the middle unitary law px P(nprx)ur(x)) = idpr(x) holds;
(iii) lifts of the monad P on C to a monad P on T-C.

4.4. Distributive laws between bimonads. Let T and P be bimonads on a
monoidal category C. Recall that TP and PT are comonoidal endofunctors of C.
A distributive law Q: TP — PT of T over P is comonoidal if it is comonoidal as a
natural transformation, that is, if it satisfies

(f)jj)g()(7 Y)QX(X)Y = (QX X Qy)(TP)Q(X, Y) and (PT)QQH = (TP)O

Remark 4.6. Viewing the bimonads 7" and P as algebras in the monoidal category
of comonoidal endofunctors of C (see Remark 2.2]), a comonoidal distributive law is
a distributive law in the sense of Section [£11

Beck’s Theorem [L.5] was generalized by Street [Str72] to monads in a 2- category.
Applying this theorem to the case of the 2-category of monoidal categories and
comonoidal functors, we obtain:

Theorem 4.7. Let (T, p,n) and (P,m,u) be bimonads on a monoidal category C.
We have bijective correspondences between:
(i) comonoidal distributive laws Q: TP — PT of T over P;
(ii) products p: PTPT — PT for which:
(a) (PT,p,urn) is a bimonad on C;
(b) wp: T — PT and P(n): P — PT are morphisms of bimonads;
(c) the middle unitary law px P(nprxyur(x)) = idpr(x) holds;

(iii) Lifts of the bimonad P on C to a bimonad P on T-C.

Also, if Q2 is a_comonoidal distributive law of T over P, the canonical isomorphism
of categories P-(T-C) ~ (P oq T)-C is strict monoidal.

Example 4.8. Let B be a braided category, A and B be two bialgebras in B,
and Q: B® A - A ® B be a morphism in B. Then the following conditions are
equivalent:
(i) 2 ®idy, is a comonoidal distributive law of B®? over A®?;
(i) idy, ® £ is a comonoidal distributive law of ? ® A over ? ® B;
(iii) €2 is a comultiplicative distributive law of B over A (see Example [1.3)).
If such is the case, we have the following equalities of bimonads:
(A®7) O(Q®id15) (B®?) = (A ®Q B)®?,
(?® B) o(ia, yon) (T®A) =7® (A®q B).
Remark 4.9. Let Q: TP — PT be a distributive law between monads on a cate-
gory C. Then P x T = P oq T as monads, where x denotes the cross product

(see Section B77). Moreover, if C is monoidal, T and P are bimonads, and € is
comonoidal, then P x T = P oq T as bimonads.
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4.5. Distributive laws and antipodes. We show here that if Q: TP — PT is
a comonoidal distributive law between Hopf monads, then the composition P ogT'
and the lift P are Hopf monads:

Proposition 4.10. Let T' and P be bimonads on a monoidal category C and let
Q: TP — PT be a comonoidal distributive law of T over P. Then:
(a) If C is left autonomous, T has a left antipode s', and P has a left an-

tipode S, then the bimonads P oq T and P2 have left antipodes, denoted
by a' and S' respectively, given by

aly = S%P(shx)) PT("Qx): PT("PT(X)) = X,

Sty = Shes PACPM, 1)) — (M, 7).

(b) If C is right autonomous, T has a right qntz’pode s", and P has a right
antipode S", then the bimonads PoqT" and P have right antipodes, denoted
by a” and S™ respectively, given by

a = Sk P(spx)) PT(Q%): PT(PT(X)") = X,

Siney = Shr: PHPUM, 1)) = (M,r)".
Proof. Let us prove part (a). One first checks that a’; satisfies the axioms of a left
antipode, that is,

(PT)oPT(evx)PT( (ur(xynx) ®idy)
= evpr(x)(@prx) PT(px) @ idpr(x)) (PT)2("PT(X), X),
(ur(x)ynx ® idvx)coevx (PT)o
= (px ® dy)(PT)2(PT(X), "PT(X))PT (coevpr(x))-
This can be done by applying the axioms for the left antipodes s and S! of T' and
P and the axioms for the distributive law 2. By Theorem 77(b), this implies that

(P oq T)-C is left autonomous. Now recall that

I { P2 (T-C) = (PoqT)-C
((M,T),s) — (M,SP(T))

is a strict monoidal isomorphism of categories (see SectionE3). Therefore P2- (T-C)
is left autonomous and so, by Theorem E7(b), P** has a left antipode S'. Further-
more, given a P-module ((M, ), s), we have

K (YK ((M,r),s)) = ("M, s3,T(r)), p),
where Ur(p) = al, PT(YP(r)Vs)P(nu) = S4,P(Vs). Hence S'éM)T) =5
Part (b) results from part (a) applied to the coopposite Hopf monads
(P 00 T)cop — peop 00 TP  and (PQ)cop _ (%)97
see Remark O
From Proposition .10 Theorem 7, and Remark .9 we deduce:

Corollary 4.11. If T and P are Hopf monads on an autonomous category C and
Q: TP — PT is a comonoidal distributive law, then Poq T is a Hopf monad on C,
P is a Hopf monad on T-C, and P x T = P oq T as Hopf monads.
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4.6. Invertible distributive laws. Let T, P be two monads on a category C and
Q: TP — PT be an invertible distributive law of T over P. Then Q~!: PT — TP
is a distributive law of P over T and () is a isomorphism of monads from T og-1 P
to P o0 T.

If C is monoidal, P, T are bimonads, and 2: TP — PT is a comonoidal dis-
tributive law of T on P, then Q~!: PT — TP is a comonoidal distributive law of
P over T and 2 is a isomorphism of bimonads from T og-1 P to P oq T.

Proposition 4.12. Let P, T be Hopf monads on an autonomous category C. Then
any comonoidal distributive law Q: TP — PT of T over P is invertible. Further-
more, for any object X of C, we have

Q%' = Slrpx)P(sperpx) PT(Xrpx) PT(P(shx) ) PT(SY ),
where s',s", S, S” denote left and right antipodes of T and P, respectively.

Proof. The functors T, P and PT are Hopf monads by assumption and Corol-
lary I1l Therefore, by Proposition 3.6 the functors 7", P', and (PT)" are right
adjoints for T, P, and PT, respectively. On the other hand, by composition of
adjunctions, P' o T' = (PT)' is a right adjoint for TP. As a left adjoint is
unique up to a unique natural isomorphism, we obtain a canonical isomorphism
a: PT — TP. Denoting e: TT' — 1¢, h: 1¢ = T'T, ¢’: PP' — 1¢, h/: 1¢ — P'P,
E: PT(PT)' — 1l¢, and H: 1¢ — (PT)'PT the adjunction morphisms, we have
a = ErpPTP'(hp)PT(R'). Now the adjunction morphisms can be expressed in
terms of the antipodes, see Remark [371 Therefore, using Proposition .10, we get
that, for any object X of C,

ax = Slppx) P(sporpx) PT( Qo px) PT(P(spx)) ) PT(SY).
Furthermore, Ex = SUy P(spvx)) PT(QVy) and Hx = (PT)'(Qx)P (sP(X))VSlV.
Hence
idprxy = Eppx)PT(Hx)

= Epr(x)PT(PT) (2x)P T(P(sp(x))")PT(SY)

= QXETP(X)PT(P(SP(X)) YPT(SY) by functoriality of E

= QxSUppxyP(shrpx0) PT( Vb x)) PT(P (s x)) ) PT(SY)

= Qxax.
This shows that €2, as the inverse of the isomorphism «, is an isomorphism. O

Remark 4.13. Let Q: B A — A ® B be a distributive law between two Hopf
algebras A and B in a braided autonomous category B with braiding 7. Then,
applying Proposition to the distributive law of Example [£8] we find that € is
invertible and its inverse is given by

t=(Sp'® S;l)rg}A Q74,5(54 ® Sp),

where S, and Sp are the antipodes of A and B.

5. THE CENTRALIZER OF A HOPF MONAD

In this section, we introduce the notion of centralizer of a Hopf monad and
interpret its category of modules as the categorical center relative to the Hopf
monad.
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5.1. Centralizers of endofunctors. Let C be a monoidal category and T be an
endofunctor of C.
A centralizer of T at an object X of C is a pair (Z, ), where Z € Ob(C) and

0={0y: XQY =2T(Y)® Z}ycobe): X@1le =T Z

is a natural transformation, verifying the following universal property: for every
object W of C and every natural transformation {: X ® 1o — T ® W, there exists a
unique morphism r: Z — W in C such that £ = (idr ® r)d. Note that a centralizer
of T at X, if it exists, is unique up to a unique isomorphism.

Remark 5.1. The notion of a centralizer is not invariant under left /right symmetry.
We should properly call it a ‘left-handed’ centralizer. We can as well define a
‘right-handed’ centralizer of T' at X to be a pair (Z’,4"), with

§={0:Y®X = Z @T(V)}yeone): le@X =2 @T

satisfying the relevant universal property. Note that this is equivalent to saying
that (Z',6') is a ‘left-handed’ centralizer of T' at X in the monoidal category C®°P.
By left /right symmetry, all notions and results concerning ‘left-handed’ centralizers
can be adapted to the ‘right-handed’ version.

The endofunctor T is said to be centralizable at an object X of C if it admits a
centralizer at X.
A centralizer of T' is a pair (Zr,0), where Zp is an endofunctor of C and

0={0xy: X®Y = T(Y)® Zr(X)}xyecone): @ = (T'® Zr)occ

is a natural transformation such that (Zp(X), 9x,1.) is a centralizer of T at X for
every object X of C.

The endofunctor T' is said to be centralizable if it admits a centralizer. An
endofunctor of C is centralizable if and only if it is centralizable at every object
of C. In that case, its centralizer is essentially unique. More precisely:

Lemma 5.2. Let T be an endofunctor of a monoidal category C. We have:

(a) Given a centralizer (Zp(X),0x) of T at every object X of C, the assignment
Zr: X — Zp(X) admits a unique structure of functor such that

0={0xy =(Ox)y: XY = T(Y)® Zr(X)}x,yeon(c)

is a natural transformation. The pair (Z7,0) is then a centralizer of T.
(b) If(Z,0) and (Z',0") are centralizers of T, then there exists a unique natural
isomorphism o: Z — Z' such that &' = (idr ® a)0.

Proof. For each morphism f: X — X’ in C, by the universal property of centralizers
there exists a unique morphism Zr(f): Zr(X) — Z7(X’) such that

(idr ® Z7(f)) Ox1c = Ox7,10 (f ® 1¢),

and this assignment defines the only structure of functor on Zz such that 0 is a
natural transformation. O
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5.2. Centralizers and coends. In this section, we give a characterization of cen-
tralizable endofunctors in a left autonomous category in terms of coends.

Proposition 5.3. Let C be a left autonomous category, T' be an endofunctor of C,

and X be an object of C. Then T is centralizable at X if and only if the coend

YeC
Zr(X) = / TY)oX®Y

exists. If such is the case, denoting by i the universal dinatural transformation of
the coend and setting

(8x)y = (ldT(y) ® iy) (COGVT(y) ® idX®y),
the pair (Zp(X),0x) is a centralizer of T at X.

Proof. Let F: C° x C — C be the functor defined by F(Y,Z) = "T(Y)® X ® Z
and F(f,g) = vT(f) ® X ® g. By duality, we have a bijection

¥: DINAT(F, Z) - HOM(X ® 1¢,T ® Z)
which is natural in Z € Ob(C). It is defined by
Y(j)y = ([dryy ® jy ) (coevpy) ®idxey): X @Y = T(Y)® Z
and its inverse by
P (0)y = (evry) ®idz)(idvpyy ®dy): T(Y)RX®Y — Z.

Therefore T' is centralizable at X if and only if F' admits a coend and, if so, the
centralizer of T at X is canonically isomorphic to the coend of F'. ([l

5.3. Extended factorization property of the centralizer. Let T be a central-
izable endofunctor of a monoidal category C and (Zr,d) be a centralizer of T. For
any non-negative integer n, let

o": Ontr1 — (T®n ® Z%)O'an

be the natural transformation defined by the following diagram:

T(Y1) T(Y2) T(Yn) ZH(X) T(Y)  Zp(X)
8?(,Y1,..,7Y,L = M s Where 8X,Y = >< .
X Y Yz Y, X Y

In other words, the morphisms
Oy, v, XY@ @Y, =2TY1)® - @T(Y,) ® Z3(X)

are defined inductively by 0% = idx and

;lfjg}lwwynﬂ = (idT(Y1)®“'®T(Yn) ® aZ;(XLYn_H)(6;(’)/17.“,3/” ® idYn+1)'

Notice &' = 9 and 9P*7 = (idrer ® 07)(0F ®idg, ) for all non-negative integers p, g.

Lemma 5.4. Assume C is left autonomous. Let D be category and K,L: D — C
be two functors. For every mon-negative integer n and every natural transforma-
tion &: K @ @, — (T®" @ L)opcn, there exists a unique natural transformation
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T(Y1) T(Y2) ZTEX) T(}’l) T(}’z) Z7r(X) Zr(X)
mx 1,(v1.v2)
= 5 u = N
X Y Y, X Yo X
T(IY) Zr(X1) Zr(X2) T(Y) (YY)
px (Z1)o
= ’ = ’
X Xs Y Y Y
T(Y) XV T(Y) XV
St st
Zr(X)Y Y Zr(X)V Y

FIGURE 1. Structural morphisms of Zp

r: Z3 K — L such that

(idrv)e-erv.) @TX)0% v, v, = EX Y1, Vs

that is,
T(Y1) T(Y2) T(Yn) L(X) TWN) T(Y2)  T(Yn) LX)

KX) v % Y, K(X) Y Y, Ya
for all X € Ob(D) and Y1,...,Y, € Ob(C).
Remark 5.5. We will often write the equality defining r in Lemma [(5.4] as
(idren @ T)a?(,lcn =¢.
Strictly speaking, it should be (idgen ® r)op cnOf ., = & However, in this kind

of formula, we will usually omit the permutation o, as it can easily be recovered
from the context.

Proof of Lemma 5.4l The lemma can be verified by induction on n using the Pa-
rameter Theorem and Fubini Theorem for coends (see [Mac98|) and the fact that, by

Proposition[53) we have Zr K (X) = [* VI (Y)®K (X)®Y forall X € Ob(C). O

5.4. Structure of centralizers. In this section, we show that the centralizer Zp
of a Hopf monad T is a Hopf monad. The structural morphisms of Zr are defined
as in Figure [[l using the extended factorization property of Zr given in Lemma [5.41
More precisely:

Theorem 5.6. LetT be a centralizable endofunctor of a left autonomous category C
and let (Z7,0) be its centralizer. We have:
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(a) If T is comonoidal, then Zr is a monad on C, with product m: Z2 — Zr
and unit u: l¢ — Zr defined by

(idre: @ m)0? = (Ty ®idz, )01 and u= (Tp ®idz, )11

(b) If (T, ,m) is a monad, then Zr is comonoidal, with comonoidal structure
defined by

(idT ® (ZT)Q)&@JC = (/L ® idzgz)(alc’T & idZT)(idlc & 6),
(idr ® (Z1)0) 01,10 = 1-

(¢) If T is a bimonad, then Zr is a bimonad on C, with the monad structure
of part (a) and the comonoidal structure of part (b).

(d) If C is autonomous, T is a bimonad, and T has a right antipode s", then
the bimonad Z has a left antipode S* defined by

(idr ® $)0vzp e = ((s" @idzy )i 7).

(e) If C is autonomous, T is a bimonad, and T has a left antipode s', then the
bimonad Z has a right antipode S™ defined by

. - . v
(ldT QS )8Z¥71C = ((Sl X 1dZT)81c7vT) .
In particular, if C is autonomous and T is a Hopf monad, then Zr is a Hopf monad.

Remark 5.7. The centralizer construction T' — Zp is functorial, contravariant in
T. More precisely, let C be a left autonomous category and T, T' be two cen-
tralizable endofunctors of C, with centralizers (Z7,0) and (Zps,0'), respectively.
Then, for each natural transformation f: T — T, there exists a unique natural
transformation Z¢: Zy+ — Zp such that

(idT/ ® Zf)a/ = (f ® idZT)a.

We have Z;q = Z,Zy and Ziq,. = idgz,.. Moreover, if f is comonoidal, then Z; is a
morphism of monads. If f if a morphism of monads, then Z; is comonoidal. Thus,
if f is a morphism of bimonads or Hopf monads, so is Zy.

Remark 5.8. Let T be a centralizable Hopf monad on an autonomous category C,
with centralizer (Zp,0). Set

Zr(X) T(Y)
vy = Y®RX = Zr(X)T(Y)

Y X

and Zreop = (Z7)P. Then (Zgeow,d') is a centralizer of TP in C®°P. More-
over, Zreor = (Z7)°P as Hopf monads when Zr and Zpeor are equipped with the
Hopf monad structure of Theorem In the language of Remark (.1l ‘left cen-
tralizability’ and ‘right centralizability’ are equivalent for a Hopf monad T', and a
‘left-handed’ centralizer Zj, = (Zpeor)®P can be identified with a ‘right-handed’
centralizer Z in a manner preserving the Hopf monad structures.
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Proof of Theorem 5.8l To simplify notation, set Z = Zr. Let us prove part (a).
By definition of the product m and unit u of Z, we have

(idpes @ mZ(m))0° = (T ® idr @ m)dE, g 5,
= ((T2 & idT)TQ & idZ)al(:#XJz
= ((ldT ® TQ)TZ & idZ)alc,(X)z
= (idr @ T, ® m)51c 1e,®
= (idges @ mmyz)d°.

Therefore mZ(m) = mmyz by the uniqueness assertion of Lemma [5.4] Likewise,
since

(idr ® mZ(u))d = (idr ® m)dz1. (u®idy, )
= (T ® iddr ®m)3lc 11c
( To ®idp)Te(1, —) ® 1dz)8
(idr ®idz)0

and

(idT X muz)8 = (ldT ®RTo® m)afcylaﬂ
((idr ® To)To(—, 1) ®@idz)0
(idr ®idz)0,

we get mZ(u) = idz = muz. Hence (Z,m,u) is a monad on C.
Let us prove part (b). By definition of the natural transformation Zs, we have

(idr ® (idz ® Z2)Z2)0g4 1c
= (WT (1) ®idzes ) (072 1, ® idge2)(idi, ® Or1, ®idz)(idg ® 9)
= (ppr ®idges)(dpz 1, @ idge:)(idi, ® Or1. @ idz)(idg © )
= (ldr ® (Z2 ® idz)Z2) 0, 1c»
and so (idz ® Z3)Zs = (Z2 ® idz)Zs by Lemma[54l Likewise, since
(idr ® (idz ® Zo)Z2(—, 1))0 = (n®idz ® Zo) (00,1 ® idz(1))(id1, ® O1 1)
= (p®idz)0h,7r(idie ®n) = (uT'(n) ®idz)0 = 0
and
(idr ® (Zo ®1idz)Z2(1,—))0 = (u ® Zo ®idz)(01,7 ®1id7)0
= (unr ®idz)0 = 0,

we get (idz ® Zp)Z2(1c, 1) = idz = (Zy ®idz)Z2(1,1¢). Hence Z is a comonoidal
functor.

Let us prove part (c). We have to show that m and u are comonoidal morphisms.
Since p and 7 are comonoidal, we have

(ldT®2 X ng)(9® 1e,le — (TQ,U ® idZ‘X’Q)(alc,T ® idz)(idlc ® a)
= ((u ® N)TQT(TQ) ® idZ®2)(31C T & idz)(idlc ® (9)
= (idT®2 ®(me m)Zzz(Zz))8® lc,le
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and (idpe: ® Zomﬂ)ailc,lc =Ton=n®n= (idT®2 ® ZOZ(ZO))aﬂQJCJC' Therefore
Zom = (m @ m)Z2Z(Zs) and Zomy = ZoZ(Zp) by Lemma B4 that is, m is
comonoidal. Moreover,

Zou = (Ty ® Z2)0g,1 = (Tops @idge2)d7, 1,
= (ToT(Tp) ®idze2)07, 1,0 =u@u

and Zoyuy = (To ® Zp)01,1 = Tom = idy. Hence u is comonoidal.
Parts (d) and (e) can be proved in a similar way, but we will instead deduce
them in Section (8] from the next theorem, Theorem [5.12 O

5.5. Categorical center relative to a Hopf monad. Let T" be a comonoidal
endofunctor of a monoidal category C. The center of C relative to T, or for short the
T-center of C, is the category Zp(C) defined as follows: objects are pairs (M, o),
where M is an object of C and 0: M ® 1¢ — T ® M is a natural transformation,

such that
T(Y) T(Z) M

Vi T(Y) T(Z) M M M
= and = ,
o |
2 M Y z M M
that is,

(TQ(Y, Z) & idM)O'y®Z = (ldT(y) & Uz)(O'y ®1dz) forallY,Z € Ob(C),
(TO ® idM)O'ﬂ = ldM

A morphism f: (M,0) — (M’,0’) is a morphism f: M — M’ in C such that
(idry) @ floy = oy (f ®@idy)

for every object Y of C. The composition and identities are inherited from C.
Let Ur: Z1(C) — C be the forgetful functor defined by

Ur(M,o) =M and Ur(f)=f.

If C is autonomous and T is a Hopf monad, then Zr(C) is autonomous. More
precisely:

Proposition 5.9. Let (T,u,n) be a bimonad on a monoidal category C. Then
Zr(C) is monoidal, with monoidal product (M,o) ® (N,v) = (M & N, p) and unit
object (1,n), where

T(Y) M N

py = (py @ idyen)(ory) @ idy)(idy @ 1) =

and the forgetful functor Ur: Zr(C) — C is strict monoidal. Now assume C is
autonomous. If T has a right antipode s”, then Zr(C) is left autonomous and left
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duals are given by (M, o) = (YM, o), where

T(Y) M

\Vi .
oy = ((sy ®@ida)opyyv) = 7

MY
with left evaluation evy; and left coevaluation coevyr. If T has a left antipode s',
then Z¢(C) is right autonomous and right duals are given by (M,0)” = (MY, 0"),

where
T(Y) MY

” . v
oy = ((Sly ®1dM)UVT(Y)) =

MY Y
with right evaluation évy; and right coevaluation coevyy. In particular, if T is a
Hopf monad, then the category Z7r(C) is autonomous.

Proof. The fact that (M ® N, p) and (1,n) are objects of Zr(C) results from the
comonoidality of u and 7. The associativity and unitarity of the monoidal product
of Z7(C) follows from the associativity of 1 and unitarity of n, and its functoriality
from the definition of morphisms of Z7(C).

Assume C is autonomous and 7 has a right antipode s”. The fact that (VM, o)
is an object of Z7(C) results from the anti-comultiplicativity of s™ (see Section 2.3)).
The axioms of a right antipode imply that the left evaluation ev,; and left coeval-
uation coevys are morphisms of Z7(C). Thus (YM,o!) is a left dual of (M, o).
Likewise, if T has a left antipode, (M"Y, 0") is a right dual of (M, o). O

Remark 5.10. If C is an autonomous category, then Z;,(C) coincides with the usual

center Z(C) of C (see Section [L.I0]).

Remark 5.11. The definition of the category Zr(C) is not left/right symmetric.
One may also consider the category Z/.(C) = Zpeon (C¥°P)®°P whose objects are
pairs (M, o), where M is an object of C and ¢: 1c ® M — M ® T is a natural
transformation satisfying the obvious conditions. If C is autonomous and T is a
Hopf monad, then the category Z/.(C) is autonomous and isomorphic to Z¢(C) via
the strict monoidal functor Z1(C) — Z4.(C) defined by (M, o) — (M, o’), where

oy = (6vy (idy ® sy) @ idyery))(idy ® opy)v @ idry))(idygar @ coevr(yy).
In particular, Z7,(C) = 2'(C), see Remark [L21

5.6. Monadicity of centers. In this section, we show that the center relative to
a centralizable Hopf monad is monoidally equivalent to the category of modules of
its centralizer.

Theorem 5.12. Let T be a centralizable comonoidal endofunctor of a left au-
tonomous category C, with centralizer (Zp,0). The functor E: Zp-C — Z¢(C),
defined by

E(M,r)= (M, (idp ®r)8M71c) and E(f)=f,
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is an isomorphism of categories such that the following triangle commutes:

Zp- C—>ZT
NP

Furthermore, if T is a bimonad (which implies that Zr is a bimonad and Z7(C) is
monoidal), then E is strict monoidal (and so UrE = Uz, as monoidal functors).

We prove Theorem [5.12]in Section 5.7

Remark 5.13. The functor Fr = EFz,: C — Z7p(C) is left adjoint to Ur and
the adjunction (Fr,Ur) is monadic with monad Zr (see Remark BI)). If T is
a bimonad, this adjunction is comonoidal and Zp is its associated bimonad (see
Theorem [3.3)).

A monoidal category C is said to be centralizable if its identity endofunctor 1¢
is centralizable. In such a case, the centralizer of 1¢ is called the centralizer of C.
In view of Remark 510, we have:

Corollary 5.14. Let C be a centralizable autonomous category with centralizer
(Z,0). Then the forgetful functor U: Z(C) — C is monadic with monad Z. In fact
Z is a Hopf monad and the functor Z-C — Z(C), defined by

(M,r) — (M, (idy, ® T)BMJC) and [+ f,
s a strict monoidal isomorphism of categories.

Remark 5.15. The monadicity assertion of Corollary B.I4] is a consequence of
[DSO7, Theorem 4.3].

Remark 5.16. We will see in Section that R = (u®id)d is an R-matrix for Z
(where u denotes the unit of Z), making the isomorphism of Corollary (.14 an
isomorphism of braided categories.

5.7. Proof of Theorem Throughout this section, let T' be a centralizable

endofunctor of a left autonomous category C, with centralizer (Zr, ). Recall that

Zr is a monad by Theorem [5.6(a). Denote by m and u its product and unit.
Remark first that, by Lemma [5.4] for any object M of C, we have a bijection:

{ Home (Zp (M), M) — HoM(M ® 1l¢,T ® M)

r = o = {(dry) ® 1)y by eon(e)
Lemma 5.17. Let M be an object of C and r: Zp(M) — M be a morphism in C.
Then (M,r) is a Zp-module if and only if (M, o)) is an object of Zr(C).
Proof. By definition of the multiplication m of Zr, we have

(TQ X idM)(U(M,r))® = (T2 X 7‘)8M,® = (idT®2 ® rmM)6]2\4,1c,1c'
Moreover,

(idT X U(M,r))(U(M,r) X idlc) = (idT®2 X rZT(r))ﬁﬁmc’lc.

Therefore, by Lemma 54, (T ® idM)(U(M e = (dr ® onrm) (0o ®idy,) if
and only if rmy; = rZp(r). Also, since (To ®@idar) (o)1 = (To®@7)0n,1 = Tun,
we have (To ® idar)(0(ar,r))1 = idas if and only if rup = iday. O



QUANTUM DOUBLE OF HOPF MONADS AND CATEGORICAL CENTERS 1257

Lemma 5.18. Let (M,r) and (N,s) be two Zr-modules. Let f: M — N be a
morphism inC. Then f is Zp-linear if and only if it is a morphism from (M, o(ar,y))
to (N,o(n,s)) in Z7(C).

Proof. We have (idr ® f)o,) = (idr ® fr)0um,1. and

O'(N,s) (f ® ldT) = (ldT ® S)aNylc (f ® idlc) = (ldT ® SZT(f))aMJC.
Therefore, by Lemma [5.4] we obtain (idr ® f)o,r) = o(n,s)(f ®idr) if and only
if fr=sZp(f). O

Using Lemmas 17 and B8 one sees that the functor E: Zp-C — Z1(C),
given by E(M,r) = (M,0o(y,) and E(f) = f, is a well-defined isomorphism of
categories. Furthermore it clearly satisfies Ur £ = Ug,..

Assume now that (T, u,n) is a bimonad. Then Zr is a bimonad by Theo-
rem [B.0l(c) and the category Zr(C) is monoidal by Proposition .9l Since, for
any Zp-modules (M,r) and (N, s), we have

E(Ma T) & E(Nv 3) = (Ma U(M,r)) & (Nv U(N,s))
=(M@N,(p®r®s)(Our ®idz.(v))(idy @ On 1))
= (M ®N, (idr ® (r @ s)(Zr)2(M, N))Omenc)
=E((M,r)® (N,s))
and E(1, (Zr)o) = (1, (idr®(Z1)0)01,1.) = (1,7), the functor E is strict monoidal.

Finally, we have UrE = Uz, as monoidal functors because the forgetful functors
Uz, : Zp-C — C and Ur: Z7(C) — C are strict monoidal.

5.8. End of the proof of Theorem Let us prove part (d) of Theorem [5.6l
Let (T, u, 1) be a centralizable bimonad on an autonomous category C, with central-
izer (Zr,0). By Theorem [5.6lc), Zr is a bimonad. By Theorem 512 the functor
E: Zp-C — Zr(C), defined by

E(M,r) = (M, (idr ®7")8M71c) and E(f) =/,
is a strict monoidal isomorphism. Assume 7" admits a right antipode s”. Then the
category Zr(C) is left autonomous by Proposition Hence the category Zp-C is
left autonomous, and so Zp admits a left antipode by Theorem 2.7(b). Denote by
m the product of Zr, u its unit, and S’ its right antipode. Let X be an object of
C. In the category Zp-C, we have a duality

(V(ZT(X), mx), (ZT(X), mx), eVZT(X), COGVZT(X)),
where Y(Z7(X),mx) = (VZr(X), SZZT(X)ZT(VmT)). Hence, E being strict monoidal,
we have a duality in the category Z7(C):

(E(V(ZT(X), mx)), E(Zr(X),mx),evz.(x), €OV z.(x))
where E(Y(Zr(X),mx)) = ("Zr(X), (idr®@ 5% ) Zr(Ym1)) vz, (x).10) - Now, by
Proposition [5.9] we also have the following duality in Z7(C):
(YE(Zr(X),mx), E(Zr(X),mx), vz, (x), €OV 2, (x))

where VE(Zr(X),mx) :(VZT(X), (s ® mx)(‘)ZT(X)’Tv)). Hence, by uniqueness

of duals up to unique isomorphism,

(ldT & SZZT(X)ZT(VmT))aVZT(X),IC — V((ST ® mX)@ZT(X)7TV).
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Composing on the left with (idy ® Yux) = v(uX ®idpv), we get

(idT ® Sé()avZT(X)Vlc = v((ST & idZT(X))aX,TV)>

which is the defining relation of Theorem [B.6(d). Hence we have proved part (d) of
Theorem Part (e) can be shown similarly.

6. THE DOUBLE OF A HOPF MONAD

Given a centralizable Hopf monad 7" on an autonomous category C, we construct
the canonical distributive law ©Q of T over its centralizer Zr, which serves two
purposes. First, Q) gives rise to a new Hopf monad Dy = Zpoq T, called the double
of T. The double Dy is actually quasitriangular and Z(7-C) ~ Dp-C as braided
categories, see Section [6.2]1 Second, €2 defines a lift of the Hopf monad Zr to a Hopf
monad Z¥ on T-C, which turns out to be the centralizer of the category T-C, and
so Z$(1,Tp) is the coend of T-C, see Section .3l

Most of the results of this section are special cases of results of Section [l We
state them here for convenience.

6.1. The canonical distributive law. Let T be a centralizable Hopf monad on
an autonomous category C and (Zr, d) be its centralizer.

Recall (see Proposition 53] that Zr(X) = erc T(Y)® X @Y, with universal
dinatural transformation
IX,y = (coevT(y) (34 idZT(X))(idVT(X) ® aX’y),

which is natural in X and dinatural in Y. Since T'(7) is a universal dinatural trans-
formation (see Section[31]), we can define a natural transformation Q: TZr — ZpT
by

OxT(ixy) = ircx)ren) (By soon TCry) @ idrxoery) Ts(T(Y), X, Y),

where p and s' are the product and left antipode of T and where T3: T®s — T®3
is defined as in Section

Theorem 6.1. The natural transformation Q: TZp — ZpT is an invertible co-
monoidal distributive law.

We call Q the canonical distributive law of T. We prove Theorem in Sec-
tion [T4

The inverse Q~1: ZpT — TZp of the distributive law  is the natural transfor-
mation defined by

Qliry = (evra) (idvryy @ py T(py)) @ Tlix ryv)) ® evy (s ®idy))
o T3(T*(Y),"T*(Y)® X @ T(Y), "T(Y))T (coevrz(y) ® idx ® coevep(y)).

Remark 6.2. The canonical distributive law of T is the only natural transformation
Q: TZp — ZpT satisfying

(@ QTRT(0) = (1 ®@idz,.7)0r,rTo.

Remark 6.3. One can show that R-matrices for T' correspond bijectively with mor-
phisms of Hopf monads f: Zy — T satisfying pT'(f) = pfrQ. The R-matrix
associated with such a morphism f is R = (idr ® f)0.
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6.2. The double of a Hopf monad. Let T be a centralizable Hopf monad on
an autonomous category C, with centralizer (Z7,0). Let Q: TZr — ZrT be the
canonical distributive law of T. By Corollary ETT]

Dr =ZpoqT
is a Hopf monad on C. Denote by n and w the units of T and Zr, respectively.
Theorem 6.4. The natural transformation R = {Rxy } x,yeon(c), defined by
Rxy = (ur(y)® Zr(nx))oxy: X ®Y — Dp(Y) @ Dp(X),
is an R-matriz for the Hopf monad Dr.

The quasitriangular Hopf monad Dy is called the double of T. This terminology
is justified by the fact that the braided categories Z(T-C) and Dp-C coincide. More
precisely, let U: Z(T-C) — C be the strict monoidal forgetful functor defined by

U((M,r),0) =M and U(f)=f.
Let I: Dp-C — Z(T-C) be the functor defined by I(f) = f and
I(]W7 ’I") = ((M, T‘UT(M)),O') with O(N,s) = (5®7"ZT(77M))3M,N

Theorem 6.5. The functor I is a strict monoidal isomorphism of braided categories
such that the following triangle of monoidal functors commutes:

Drp- C—>ZTC)

o

We prove Theorems [6.4] and in Section

Remark 6.6. The functor F = [Fp,: C — Z(T-C) is left adjoint to U, and the
adjunction (F,U) is monadic with monad Dr (see Remark B.I]). Moreover, Dy is
the Hopf monad associated with this comonoidal adjunction (see Theorem [3.3]).

Remark 6.7. According to Remark [B.I], the construction of the double of a Hopf
monad T" admits a ‘right-handed’ version: if Z/. is a ‘right-handed’ centralizer of T
there exists a ‘right-handed’ canonical law ' of T over Z/, and hence a Hopf
monad D}, = Z/, oo T endowed with an R-matrix R’ such that D/-C ~ Z'(T-C)
as braided categories. If we identify Z/ to Zp as in Remark B8 then ' = Q,
D}, = Dr as Hopf monads, and R’ = R*~%.

Remark 6.8. Let T be a centralizable Hopf monad on an autonomous category C and
(Z7,0) be its centralizer. Denote by 7 and w the units of 7' and Zy, respectively.
Assuming up: T — Z7T is a monomorphism, one can show that the canonical
distributive law of T is the only comonoidal distributive law Q: TZp — Z7T such
that

R = (ur ® Z1(n))d

is an R-matrix for the Hopf monad Zp oq T. This generalizes Drinfeld’s original
characterization of the double of a finite-dimensional Hopf algebra.
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6.3. The centralizer and the coend of a category of modules. Let T be
a centralizable Hopf monad on an autonomous category C. Let (Zr,d) be the
centralizer of T and Q: TZpr — Z7T be the canonical distributive law of T'. By

Corollary E1T] Z¥ is Hopf monad which is a lift of the Hopf monad Zr to T-C.
Recall that

ZHM,r) = (Zr(M), Zr(r)Qu)  and  ZZ(f) = Zr(f).
For any T-modules (M, r) and (N, s), set
5(M,T))(N7S) = (s®idz.(an)0mn: (M,r) @ (N,s) = (N,s)® Z%(M, ).
Theorem 6.9. The pair (ZST), 5) is a centralizer of the category T-C.

We prove Theorem in Section
Recall that

Zr(1) = /Yec I(Y)® Y

with universal dinatural transformation iy = (evp(y) ® idz,(1))01,y. Denote by
a = Zp(Ty)Q; the T-action of Z%(H,To). It is characterized by

aT(iy) = irey) (Yuy shon T(Cpy) @ idrpn)) T (T(Y), Y).

By Theorem and Proposition 5.3} Z$(1,Ty) = (Zr(1), ) is the coend of T-C.
That is,

(M,r)eT-C
(Zr(1),0) :/ V(M. r) ® (M, 1),

with universal dinatural transformation 7(s,,) = i (' @ M).
The coend (Zp (1), @) of T-C is a coalgebra in T-C, with coproduct and counit
given by

A= (ZT)Q(H7 ]1) ZT(H) — ZT(H) ®ZT(H) and &= (ZT)OI ZT(H) — 1.

Assume now that 7' is furthermore quasitriangular, with R-matrix R, so that the au-
tonomous category T-C is braided. Then the coalgebra ((Z7(1), ), A, ) becomes
a Hopf algebra in T-C endowed with a self-dual Hopf pairing (see Section B3]). Its
unit is

u = (T() ®idZT(ﬂ))aﬂ1ﬂ 1 — ZT(H)
Its product m, antipode S, and Hopf pairing w are given in Figure 2l

Remark 6.10. In Sectgion [0.3] we treat the case of the centralizer of a fusion cate-
gory F (which is a quasitriangular Hopf monad by Theorem[6.5]) to get a convenient
description of the coend of Z(F).
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m(ix ®iy) = sy Ty ) | [ 20T, %)

e —

Rvrxyex,vr(v)

/N

T'(X) X T(Y) Y
Zr(1)

/—\#Y L L SZYHVT(Y)

5§T(Y)T(\/IUY) \

y . . R v
Siy = Rzryron | wlix ®iy) = TETHN.TX)
/
O01,vr(v) Bxomony
|
Y)Y T(xX) X T(Y) Y

FiGURE 2. Hopf algebra structure of the coend of T-C

7. THE CENTRALIZER OF A HOPF MONAD ON A CATEGORY OF MODULES

In this section, we study the centralizer of a Hopf monad @ on the category T-C
of modules over a Hopf monad T on an autonomous category C. We show that it is
centralizable whenever the cross product Q x T is centralizable. In that case, the
centralizer of Q) x T lifts naturally to a centralizer of (), which also turns out to
be a lift of Hopf monads. Hence we have a canonical distributive law Q of T over
Zgxt and a Hopf monad Dg 1 = Zgur oo T on C. We interpret the category of
D¢, modules as the center of T-C relative to Q.

7.1. Centralizability on categories of modules. In this section, given a Hopf
monad T on an autonomous category C, we give a criterion for an endofunctor @
of T-C to be centralizable in terms of the centralizability of the cross product @ xT
on C (see Section B for the definition of cross products).

Proposition 7.1. Let T be a Hopf monad on an autonomous category C and let @
be an endofunctor of T-C. Let (M,r) be a T-module. Then:

(a) The endofunctor @ is centralizable at (M,r) if and only if @ x T is cen-
tralizable at Up(M,r) = M.

(b) Assume Q=T is centralizable at M, with centralizer (Z,6). Then Q admits
a unique centralizer (Z,8) at (M,r) such that

Ur(Z)=2 and v = (Q(s) ®idz)dy

for any T-module (N, s).
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Remark 7.2. In the second formula of Proposition [II(b), Q(s) makes sense because

s: (T(N),un) — (N, s) is a morphism in T-C. This formula can be written as
0= (Qe) ®idz)s,

where e denotes the counit of the adjunction (Ur, Fr).

Proof of Proposition [[1l Let us prove part (a). Fix a T-module (M, r). By Propo-

sition B3] @ is centralizable at (M, r) if and only if the coend

(N,s)eT-C
/ YQ(N,3) ® (M,r) ® (N, s)

exists. Since the functor Ur creates and preserves coends (see Section B1]) and is
strict monoidal, this is equivalent to the existence of the coend

(N,s)eT-C
/ UT(VQ(N,S)®(M,T)®(N,S))

(N,s)ET-C
_ / U2 Q(N, s) @ M @ Up(N, 5).

By Lemma [3.9] this is equivalent to the existence of the coend
vec vec
/ VUTQFT(Y)®M®Y=/ RQXTY) MY,

and so, by Proposition (.3}, to the fact that @ x T is centralizable at M.
Let us prove part (b). By Proposition 53] we have

YeC
Z:/ QuT(Y) o MaY,

with universal dinatural transformation iy = (evgyry) ® idz)(idvgury) ® dy).
By Lemma 3.9, we also have

(N,s)eT-C
Z = / U Q(N, 5) © M @ Up(N, )

with universal dinatural transformation jy ) = in("UrQ(s) ® idyen). Set

O(n.s) = (idQ(v.s) @ J(n.s) ) (COOVQ (N5 @ idr).
By Proposition B0, there exists a unique T-action a: T(Z) — Z such that j(y s,
or equivalently 5( N,s), is T-linear for all T-modules (N, s). Furthermore we have

(N,s)eT-C
(Za) = / YQ(N, ) @ (M,7) ® (N, 5)

with universal dinatural transformation j. Set Z = (Z,«). By Proposition [5.3]
(Z,6) is a centralizer of Q at (M,r). By construction, we have Up(Z) = Z and
5(1\775) = (UrQ(s) ®idz)dn for every T-module (N, s). Furthermore, since « is the
only action of T on Z = Ur(Z) such that every S(N,S) is T-linear, (Z,0) is the only
centralizer of @ at (M, r) satisfying the conditions of part (b). O

Applying Lemma and Proposition [(I(a), we immediately deduce:

Corollary 7.3. Let T' be a Hopf monad on an autonomous category C and let @
be an endofunctor of T-C. Then Q is centralizable if and only if, for any T-module
(M,r), the endofunctor Q x T of C is centralizable at M.
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7.2. Lifting centralizers. In this section, given a centralizable Hopf monad T on
an autonomous category C and an endofunctor @ of T-C, we show that a centralizer
of @ x T lifts uniquely to a centralizer of Q. Furthermore, if @) is comonoidal (resp.
a bimonad), then it is also a lift as a monad (resp. a bimonad).

Theorem 7.4. Let T be a Hopf monad on an autonomous category C and let @ be
an endofunctor of T-C. Assume Q x T is centralizable, with centralizer (Zgur, 0).
Then:
(a) The centralizer of Q xT lifts uniquely to a centralizer of Q. More precisely,
Q admits o unique centralizer (Zg,0) such that UrZg = ZgurUr and

Oy (N,s) = (Q(s) ®id 7,1 (a1))Onr,N

for all T-modules (M,r) and (N, s).
(b) If Q is comonoidal, the monad Zg is a lift of the monad Zgyr to T-C.
(c) If Q is a bimonad, the bimonad Zg is a lift of the bimonad Zgur to T-C.

Proof. Part (a) is a direct consequence of Lemma and Proposition [[IIb). Let

(Zg,0) be the centralizer of @) given by part (a).

Assume @ is comonoidal. Then @ x T is comonoidal by Section 371 Therefore
both Zg and Zgxr are monads by Theorem [E.6l(a). Denote by n and e the unit
and counit of the adjunction (Ur, Fr). By part (a), we have

Ur(9) = (UrQ(e) ® idzq U7 )ur Uz -
By definition of the product m of Zg, we have

(dorreqr, ® m)afT_c,FT,FT = (Q2(Fr, Fr) ®idz, )01, ..rrerr-
Hence, we get

(UrQ(er,) ® UrQ(ep,) ® Ur(m)) 05, 7.1
= (Ur(Q2(Fr, Fr)Q(eprer,)) ®iduy 2z, ) Our rer-

Composing on the right with (idy, ® n ® ) and then using the expression of the
comonoidal structure of @ x T (see Section B.7) and the identity ep, Fr(n) = idp,,
we obtain

(iOl(C»MT)®2 ® UT(m))aIQJT,lc,lc = ((Q X T)2 ® idZQwUT)aUT@y

and so, by definition of the product m of Zgur, we have Up(m) = my,.. Moreover,
denoting by @ and u the units of Zg and Zgw7, respectively, we have

Ur(@) = Ur((Qo ®idzg) 01, (1,1))
= (Ur(Qo)UrQ(Ty) ®idy,zq ) Ous 1
= (@ xT)o®idzy,rur)0ur,1 = vy

Hence we have proved part (b).

Suppose now @ is a bimonad. Then @ x T is a bimonad (see Section B.1).
Therefore both Zg and Zgur are bimonads by Theorem [5.6l(c). By definition of
the morphism (Zg)2, we have

(idQFT & (ZQ)2)8~®7FT = (QFT & idZSQ)(élT—c7QFT & idZQ)(ile—c Y élT_c,FT)v
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where ¢ is the product of (). Thus

(UrQ(ery) ® Ur((2q)2))0ureuvr.r = (Ur(4r, Qeqr,)) ® id(u, zo)92)
o (Our,ur ®iduyz,) (iduy @ (UrQ(ep,) ® iduyz,)0us 1)-
Composing on the right with (idy, ® idy, ®n), since the product of @ x T is given
by p =Ur (qFTQ(sQFT)), we obtain
(idour ® Ur((Zq)2)) dureus ic
= (P ®id(24,,207)92) (OUr,x1 @ 1242 Ur) iUy ® DUy e ),
and so, by definition of the morphism (Zgyxr)2, we obtain (UrZq)s = (ZgoxrUr)s.
Now, by definition of the morphism (Zg)o, we have
(idop, ® (ZQ)O)é(Jl,TO),FT = Up,.
where v is the unit of Q. Applying Ur and composing with 7, we get

(ideT X UT((ZQ)O))@HJC = UT(’UFT)U.

Since Up(vpg,)n is the unit of @ x T and by definition of the morphism (Zgw7r)o,
we have (UrZg)o = (ZgwrUr)o. Hence UrZg = ZgwrUr as comonoidal functors,
and we have proved part (c). O

7.3. The canonical distributive law and the double. Throughout this section,
let T" be a Hopf monad on an autonomous category C and ) be a comonoidal
endofunctor of T-C such that @ x T is centralizable with centralizer (Zg 7, 0).

By Theorem [T4] the centralizer (Zg 71, 0) lifts to a centralizer (Zg, 5) of Q and
the monad Zg is a lift of the monad Zgr to T-C. The monad

DQyT:ZQ x T

is called the double of the pair (Q,T). Since lifts correspond bijectively with dis-
tributive laws (see Theorem [LH]), there exists a unique distributive law Q of T' over
ZgxT such that

Zo =23
This distributive law is called the canonical distributive law of the pair (Q,T). Tt
provides a description of structure of the monad D¢ 7:

Dor=2ZguroaT.

Proposition 7.5. (a) If Q is a bimonad, then the canonical distributive law
is comonoidal, Do T is a bimonad, and Zg = Z8><1T as bimonads.
(b) If Q is a Hopf monad, then Do 1 is a Hopf monad.

Proof. Let us prove part (a). By Theorem [[[4] Z is a lift of Zgwr as a bimonad.
Therefore, by Theorem 7] € is comonoidal and D¢ 1 is a bimonad.

Let us prove part (b). Since @ x T is a Hopf monad (see Section [B.7), so is Zgxr
(by Theorem [.6]). Therefore Dg 1 is a Hopf monad (by Corollary [A.TIT]). d

Let U: Zg(T-C) — C be the functor defined as the composition of the forgetful
functors Ug: Zo(T-C) = T-C and Up: T-C — C, that is,

U((M,r),0) =M and U(f)=f.
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Denoting n and w the units of T and Zgyr, let I: Dgr-C — Zg(T-C) be the
functor defined by

I(M,r) = ((M,rur@n),0) and I(f)=f,
where U(N,s) = (UTQ(S) ® TZQNT("?M))(?M,N~

Theorem 7.6. The functor I is an isomorphism of categories such that the fol-
lowing triangle commutes:

Do.r-C—1 Z,(T-C)
UDQ,T\ Z A

Furthermore, if Q 1is a bimonad (so that Do is a bimonad and Zo(T-C) is
monoidal), then the functor I is strict monoidal (and so Ul = Up,, , as monoidal
functors).

Remark 7.7. The functor 7 = IFp, .: C = Zq(T-C) is left adjoint to & and
the adjunction (F,U) is monadic with monad Dg ¢ (see Remark B]). If @ is a
bimonad, this adjunction is comonoidal and Dg r is its associated bimonad (see
Theorem [B.3).

Proof. By Section 3] since Do r = Zgxr oo T and Zg = Z&QT, the functor
L { DQ7T—C — ZQ— (T— C)
(M,r) +— ((M,ruT(M)),TZQxT(nM))
is an isomorphism of categories. By Theorem [5.12] the functor
g f0 = e
((M7 r), s) — ((M, 7“), (ldQ X 8)8(M77")71T-c)

is an isomorphism of categories. Using Theorem [T4)a), one verifies that I = EL.
Thus [ is an isomorphism of categories, and it clearly satisfies U = Up,, .
Assume @ is a bimonad. Then L is strict monoidal (by Theorem 471) and F
is strict monoidal (by Theorem [E12). Hence I = EL is strict monoidal, and so
UI = Up,, , as monoidal functors (since U and Up,, ,. are strict monoidal). O

The canonical distributive law €2 can be described explicitly as follows. By
Proposition (3] we have

YecC
ZQNT(X):/ VQXJT(Y)@X@Y
with universal dinatural transformation

ixy = (evour(y) ®1dz,, . (x))(idvgur(v) ® Oxy)-

Recall that T'(i) is a universal dinatural transformation (see Proposition BI0).
Denote by s the left antipode of T and by e the counit of the adjunction (Fr,Ur).

Proposition 7.8. The canonical distributive law Q of the pair (Q,T) is invertible,
and Q and Q' are characterized as natural transformations by

QxT(ixy) = irx) o) (by sy T(Yay) @ idrx)ery)) T3('Q x T(Y), X, Y),
Otz = (eVoure) ® Tlix,re) ® evy ) (idvgury) ® Ex,y ®idy),
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where ay = Ur(eqpr(v)), by = UrQ(ep,(vy), and

Exy =(ayT(by) ® idrrour (v)exer(v) ® Sy)

oT3(QxTTY)," QxTTY)2 X T(Y),"T(Y))

oT(coevgyurr(v) ® idx ® coevypy)).
Remark 7.9. In the special case Q = 1p-¢, we have 1p7-¢ x T = T and so, by
Proposition [[.8 the canonical distributive law of the pair (17-¢,T) is nothing but
the canonical law of T defined in Section 6.1l and the double Dy, _, 7 of the pair
(17-¢,T) coincides with the double Dr of T defined in Section
Proof. Note that ay and af = leNT(Y)T(Vay) are the T-actions of QFr(Y) and
YQFr(Y), respectively. By adjunction we have by Q x T(ny) = idgwr(v)-

Recall that ZN(ng is the centralizer of ), with universal dinatural transformation

JorryN,s) = inn (UrQ(e(n,s) @ idy ®@idy).
In particular, given two objects X,Y of C, the morphism jg,(x),F,(v) is T-linear,
that is,
Zoxr(1x)Qr(x)T (G rp(x),Fr(v)) = JPr(X),Fr(y)VX,Y >
where
xy = (ay © px @ py ) T3("Q x T(Y), T(X), T(Y))
is the T-action of YQFr(Y) ® Fr(X) ® Fr(Y). Composing on the right with
T(idvgxr(v) ® Nx ® 1y ), the left-hand side becomes
Zaoxr(1x) Q0T (ir¢x),rv) by @ 1x @ 1y))
= Zour(kx)Qrx)TZgxr(nx)T(ixy) = QxT(ixy),
and the right-hand side becomes
ir(x),r)(byay @ pxT(nx) @ pyT(ny)T5("Q x T(Y), X,Y).
Hence the formula for €.

Let Q': ZgurT — TZgxr be the natural transformation defined by
Qvirx),y = (evoury) @ Tlix rv)) ® evy) (idvgury) ® Exy @ idy).
Using the axioms of a left antipode, one shows that Q'Q = idrz,,, and Q'Q =
idZQxTT by Verifying that Ql)(ﬂxT(iX’y) = T(ix’y) and QXQS(Z'T(X),Y = Z'T(X)yy.
This is left to the reader. Note that when @ is a Hopf monad, the invertibility

of Q follows from Proposition [12] since in this case both T" and Zg .7 are Hopf
monads. O

Remark 7.10. Let T" be a Hopf monad on an autonomous category C and @ be
a comonoidal endofunctor of T-C such that @ x T is centralizable. Consider the

following diagram:
Zq-(T-C)
% \

Zgur-C T-C

NS
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where a double arrow represents the adjunction of the corresponding monad and
the functor W is defined by W((M,r),s) = (M, s) and W(f) = f. This diagram is
a distributive adjoint square in the sense of Beck [Bec69] whose distributive law is
precisely the canonical distributive law € of the pair (Q,T). Furthermore, since {2

is invertible by Proposition [[.8 the monad T lifts to a monad T on Zour-C.
Therefore, since Zg = Z({gsza we have an isomorphism of categories:

T (Zgur-C) = (T og-1 Zgur)-C = (Zgwr 00 T)-C = Zg- (T-C).

Via this isomorphism, W is the forgetful functor Uszq-1. Hence W is monadic.
Note that when @ is a bimonad, the four monadic adjunctions are comonoidal.

7.4. Proof of Theorem This is a direct consequence of Remark and
Propositions and [Z.§] applied to the Hopf monad Q = 17-¢.

7.5. Proof of Theorems and By Theorem applied to the Hopf

monad @ = 17-¢ and Remark [[.9] the functor I: Dp-C — Z(T-C) of Theorem [6.5]

is a strict monoidal isomorphism of monoidal categories such that U4l = Up,,..
Now, by Remark 510} the category Z(T-C) is a braided category with braiding:

T((M7T)7'Y) 5 ((N,S),5) = ’Y(st) :

Therefore, since [ is a strict monoidal isomorphism, there exists a unique braiding ¢
on Dp-C such that I is braided. By Theorem 2T1] ¢ is encoded by an R-matrix R
for Dp. Let p and e = upn be the product and unit of Dp. Then R is given by

Rx,y = ¢rp x) Fppo) (€X @ €y)
= TIFp,(x):[Fpy(v) (ex ®ey)
= (pyup,(v) @ PxZ1(MD1(x))) ODr(X), D (v) (€X @ €Y)
= (pyup,nT(ey) @ px Zr(Np,(x)ex))Ox.y
= (py Dr(ey)urwyy @ pxDr(ex)Zr(nx))ox,y
= (ury) ® Zr(nx))Ox.y-
This concludes the proof of Theorems and

7.6. Proof of Theorem This is a direct consequence of Remark and
Theorem [Z4] applied to the Hopf monad @ = 1p-¢.

8. THE DOUBLE OF A HOPF ALGEBRA IN A BRAIDED CATEGORY

In this section, we extend several classical notions concerning a Hopf algebra
over a field to a Hopf algebra A in a braided autonomous category B, namely,
quasitriangularity and R-matrices and the double D(A) of A. Our approach consists
in applying the results of previous sections to the Hopf monad 7 ® A.

We need to assume that B admits a coend C. Then the Hopf monad ? ® A is
centralizable, and its centralizer is of the form ? ® Z(A), where Z(A) is a certain
Hopf algebra in B called the centralizer of A. As an object of B, Z(A) = VA ® C.

We then define the double of A as D(A) = A®q Z(A) = A® YA ® C, where
is an explicit distributive law. The double D(A) is a quasitriangular Hopf algebra
in B such that Dega =? ® D(A) (as quasitriangular Hopf monads). It satisfies
Z(Ba) ~ Bp(ay (as braided categories). When B = vecty, we have that C' =k, A
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is a finite-dimensional Hopf algebra over k, Z(A) = (A*)°°P, and D(A) is the usual
Drinfeld double of A.

8.1. Hopf monads represented by Hopf algebras. Let B be a braided au-
tonomous category and let A be a Hopf algebra in B. A Hopf monad T on B is
said to be represented on the left (resp. on the right) by A if it is isomorphic to the
Hopf monad A®? (resp. ? ® A) defined in Example 24

More generally, let T' be a Hopf monad on an autonomous category C. If (4, 0)
is a Hopf algebra in the center Z(C) of C, then the Hopf monad T is said to be
represented on the left by (A, o) if it is isomorphic to the Hopf monad A®,? on C
defined in Example Likewise, if (A4,0) is a Hopf algebra in Z'(C), then the
Hopf monad T is said to be represented on the right by (A, o) if it is isomorphic to
the Hopf monad ? ®, A on C.

Not all Hopf monads can be so represented by Hopf algebras (see Remark
for an example).

8.2. Coends as Hopf algebras. Let T be an endofunctor of an autonomous cat-
egory C. If C admits a braiding 7, then, by Proposition 53] T is centralizable if
and only if the coend

YeB
Cr = / TY)®Y

exists. Assume this is the case. By Lemma [B9] if T is a monad, then Cr coin-
cides with the coend f(M’T)GT_C YUr(M,7) ® Ur(M,r) of Ur. According to Ma-
jid [Maj95], the (co)end of a strong monoidal functor from an autonomous category
to a braided category is a Hopf algebra. In particular, if T' is a Hopf monad and
7 a braiding on C, then Cr is a Hopf algebra in C braided by 7. In this section
we recover this structure explicitly in terms of the braiding 7 and the Hopf monad
structure of T'.

Let T" be an endofunctor of an autonomous category C such that the coend
Cr = IYGB YT(Y) ® Y exists. Denote by iy: "T(Y) ® Y — Cr the universal
dinatural transformation of C'p, and set

T(Y) Cr TY) Cr
by = = (idp(y) @1y )(coevpyy®idy): X — T(Y)®Cr, depicted as
Y Y

If T is a monad on C, then C7 is a coalgebra in C, with coproduct A and counit €
defined by

) Cr Cp ) Cr Cr

159158

where p and 7 are the product and unit of 7.
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If T is comonoidal and 7 is a braiding on C, then Cp becomes an algebra in C
with product m, and unit v defined by

T(X) T(Y) Cr TX) 1Y) OCr C
| ] | r v X
w = | R&XY) and u= , where Txy = X
X Y
X v

X®Y

If T is a bimonad and 7 a braiding on C, then (Cp,m",u, A, ) is a bialgebra in
C braided by 7. Furthermore, if T" is a Hopf monad, then Cr is a Hopf algebra,
whose antipode S, and its inverse S;! are defined by

T( T

X) Cr  T(X) Cr T(X) Cr T(X) Cr

= and = l .
|

X X X X

We denote this Hopf algebra by C7.
8.3. The coend of a braided autonomous category. Let B be an autonomous

category. The coend
YeB
C:/ VW eY,

if it exists, is called the coend of B.

Assume that B admits a coend C and denote by iy : 'Y ® Y — C its universal
dinatural transformation. The universal coaction of C' on the objects of B is the
natural transformation ¢ defined by

Yy C
Oy = (idy ® iy )(coevy ®idy): Y =Y ® C, depicted as dy =
Y

If B is braided, then C' is a Hopf algebra in B. This well-known fact may be

viewed as a special case of the construction of Section B4l as 15 is a Hopf monad

on B and C' = C7,_, where 7 is the braiding of B. Furthermore, the morphism
w: C®C — 1, defined by

XY XY
|5
t (
XY X Y
is a Hopf pairing for C, that is, it satisfies
w(m®idc) Zw(idc ®w®idc)(idc®2 ®A), w(u®idc) =g,
w(idc ®m) :w(idc ®w®idc)(A®idc®2), w(idc ®u) =e&.

These axioms imply w(S®id¢) = w(ide ® S). Moreover, the pairing w satisfies the
self-duality condition wrec (S ® S) = w.

In this section, the structural morphisms of C' are drawn in grey and the Hopf
pairing w: C' ® C — 1 is depicted as

w = .
c C
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Remark 8.1. The category B is symmetric if and only if w = € ® €. In particular,
this is the case when C' = 1.

Remark 8.2. The universal coaction of the coend on itself can be expressed in terms
of its Hopf algebra structure as follows:

¢ C [ee
602. =
c C

Remark 8.3. The coend of the mirror B of B is the Hopf algebra C°P, with self-dual
pairing w(S ® id¢).

8.4. Centralizers in braided categories. Let T be an endofunctor of a braided
autonomous category B, with braiding 7. Assume that the coend

YeB
Cr = / TY)®Y

exists. Set
TY) X Cr
\
Oxy = / = (TX7T(Y) ®ide, )(ldx ®dy): X QY - T(Y)® X ® Cr.
X Y

Then (? ® Cr,d) is a centralizer of T. Likewise, set

TY)Cr X
Dy = \% = by ®idx)ry x: X @Y 5 T(Y)® Cr @ X.

X Y

Then (Cr®7?,d") is also a centralizer of T

Assume furthermore that T is a Hopf monad. By Section R.2] the object Cr is
endowed with two Hopf algebra structures in B, namely, C7. and (C7.)°P, where 7
is the mirror of 7. One verifies that the Hopf monad structure on ? @ Cr (resp.
Cr®7?) given by Theorem coincides with that induced by the Hopf algebra C7.
(resp. (C7.)°P). Thus:

Theorem 8.4. Let T be a Hopf monad on a braided autonomous category B, with
braiding 7. Then T is centralizable if and only if the coend

YeB
Cr = / TY)®Y

exists. If such is the case, the centralizer of T is represented on the right by the
Hopf algebra C7. and on the left by the Hopf algebra (CT.)°P.

Remark 8.5. In general, the centralizer Zp of a Hopf monad T on an autonomous
category C is isomorphic neither to Z7(1)®? nor to ? ® Zr(1) as an endofunctor
of C, see Remark for a counterexample. In particular, it cannot be represented
on the left by a Hopf algebra of Z(C) or on the right by a Hopf algebra of Z'(C),
in the sense of Section Bl
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8.5. Centralizers of Hopf algebras. Let B be a braided autonomous category,
with braiding 7, admitting a coend C = fYEB YY ® Y. Recall that C is a Hopf
algebra in B endowed with a Hopf pairing, and denote by § the universal coaction
of C' (see Section B3)).

Let A be a Hopf algebra in B. Set Z(A) = YA® C. Then

YeB
Z(4) = / Wed ey,
with universal dinatural transformation given by
VA C
m YeAd) ey =AW oY - YAx C.

YA WY Y

ly =

The object Z(A) is endowed with the Hopf algebra structure C7 , defined in Sec-

tion B2l and is called the centralizer of A. Explicitly, the structural morphisms of
Z(A) are

VA C© VA C VA C e
mzay = @) , Az = M ;o Sz = fj ;
Y
VA C VA C VA c VA C
VA C©
Uz(A) = ﬂ ) €z(A) = P
VA ©

Example 8.6. Let H be a finite-dimensional Hopf algebra over a field k. Note
that k is the coend of the category vecty of finite-dimensional vector spaces. Then
the centralizer of H is Z(H) = (H*)°P.

By Theorem B4l (? ® Z(A),0) is a centralizer of ? ® A, where

Y A X VA C

X Y

and the Hopf monad structure on ? ® Z(A) given by Theorem is that induced
by the Hopf algebra Z(A). Hence, by Theorem B2} we have

Z7®A(B) ~ (? ® Z(A))-B = BZ(A)
as monoidal categories.

Remark 8.7. One can show that the Hopf algebra Z(A) represents on the left the
centralizer Z g7 of A®?, and so

Zag?(B) = (Z(A)®7)-B = 7(4)B

as monoidal categories.
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8.6. R-matrices for Hopf algebras in braided categories. In [Dri90], Drinfeld
introduced the notion of R-matrix for a Hopf algebra H over a field k. When H is
finite-dimensional, R-matrices for H are in bijection with braidings on the category
of finite-dimensional H-modules. The aim of this section is to extend the notion
of an R-matrix to a Hopf algebra A in braided autonomous category so as to
preserve this bijective correspondence. Note that the definition of an R-matrix
for A as a morphism t: 1 — A ® A by straightforward extension of Drinfeld’s
axioms (sometimes found in the literature) does not fulfil this objective. Recall that
braidings on the autonomous category B4 = (? ® A)- B are encoded by R-matrices
for the Hopf monad 7 ® A. When B admits a coend, we can encode R-matrices for
?7® A in terms of A, which leads to our definition of an R-matrix for A.

Let A be a Hopf algebra in a braided autonomous category B, with braiding 7.
Assume that B admits a coend C. Any R-matrix Rxy: X Q@Y - YR ARX®A
for the Hopf monad ? ® A gives rise to a unique morphism t: C® C — A® A in B,
defined by

A A A A

4o (G et

= , sothat Rxy = \ .
ﬂ M \ Y
VX XW Y VX XWY X Y

Re-writing the axioms for Rx y (see Section[2Z.7)) in terms of t leads to the following
definition: an R-matriz for A is a morphism

tCRC—-ARA

in B which satisfies

Remark 8.8. For finite-dimensional Hopf algebras over a field k, our definition of
an R-matrix coincides with Drinfeld’s definition (as the coend of vecty is k).
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An R-matrix ¢ for A defines an R-matrix for ? ® A (by definition) and so a
braiding ¢ on B4 = (? ® A)- B (by Theorem 2.1T]):

C(Mr),(Ns) = (8@T) Ry N =

As braidings on 4B are in bijective correspondence with braidings on B4 (see
Remark [[3]), an R-matrix ¢ for A also defines a braiding ¢’ on 4B as

N M
\

M N

Furthermore, the map v+ ¢ (resp. t — ¢) is a bijection between R-matrices for A
and braidings on B4 (resp. on 4B).

A quasitriangular Hopf algebra in B is a Hopf algebra in B endowed with an
R-matrix.

Remark 8.9. Let A be a quasitriangular Hopf algebra in B. By construction, the
monoidal isomorphism Fy4: (4B)®°P — B4 of Remark [[L3]is braided.

Remark 8.10. Let A be a quasitriangular Hopf algebra in B. Combining Remark [0l
with Example [Tl we obtain that 4B and B4 are braided isomorphic.

8.7. The canonical distributive law of a Hopf algebra. Let A be a Hopf alge-
bra in a braided autonomous category B which admits a coend C. By Section B3]
the centralizer of ?® A is Zrga =? ® Z(A), where Z(A) = YA® C is the centralizer
of A. Tt turns out that the canonical distributive law of ? ® A over Zyg 4 is of the
form id;, ® Q, where Q: Z(A) ® A - A® Z(A) is a comultiplicative distributive
law of Z(A) over A (see Example [43]). We have

A YA C VA C A

l

We call Q the canonical distributive law of A.

Remark 8.11. By Theorem B9, Zg, (M,r) = (M ® Z(A), (r ®idz(a))(idy ®Q)) is
the centralizer of the category Ba. In particular, the coend of B4 is Zp,(1,e4) =
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(Z(A),a), where
YA C

0z=(€A®idZ(A))Q: (5 :Z(A)@A—)Z(A).
VA C A
If A is quasitriangular, so that B4 is braided, then (Z(A),«) is a Hopf algebra
in B4 which represents Zz, on the right (see Theorem [84]). However, in this case,
this Hopf algebra (Z(A), ) is not in general a lift to B of the Hopf algebra Z(A).

8.8. The double of a Hopf algebra in a braided category. Let A be a Hopf
algebra in a braided autonomous category B which admits a coend C.

Let Z(A) be the centralizer of A (see Section B3l and Q be the canonical dis-
tributive law of A (see Section B7T). By Example [43]

D(A)=A®qZ(A)=A® 'A®C
is a Hopf algebra in B. Since ? ® Z(A) is the centralizer of 7 ® A (see Section B3],

the Hopf monad ? ® D(A) is the double of ? ® A, and so admits an R-matrix by
Theorem [6.5] which turns out to be encoded by the following R-matrix for D(A):

A YA C AVA C

e U . C®C = D(A) @ D(A).

(oe
The quasitriangular Hopf algebra D(A) is called the double of A.

Remark 8.12. The canonical distributive law of A is the unique comultiplicative
distributive law Q of Z(A) over A such that the morphism t above is an R-matrix
for A ®q Z(A), see Remark

Theorem 8.13. Let A be a Hopf algebra in a braided autonomous category B
admitting a coend C' and let D(A) = A ®q Z(A) be the double of A. We have the
following isomorphisms of braided categories:

Z(BA) ~ BD(A) ~ D(A)B ~ Z/(AB) ~ Z(AB)
Proof. By construction, the quasitriangular Hopf monad ? ® D(A) is the double
of 7® A, hence the first braided isomorphism by Theorem By Remark B0,
p(a)B ~ Bpa)y as braided categories since D(A) is quasitriangular. Finally, we
have the following isomorphisms of braided categories:

Z(By) ~ Z(B4)®°? by Remark [Tl
o Z((AB)®OP)®OP by Remark

~ Z'(AB) ~ Z(4B) by Remark [[21
This completes the proof of the theorem. O

Remark 8.14. When B = vecty is the category of finite-dimensional vector spaces
over a field k, we recover the usual Drinfeld double and the interpretation of its
category of modules in terms of the center. More precisely, let H be a finite-
dimensional Hopf algebra over k and (e;) be a basis of H with dual basis (ef).
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Then D(H) = H® (H*)°°P is a quasitriangular Hopf algebra over k, with R-matrix
t=> .6 ®e®ly ®e;, such that

Z((vecty) ) ~ (vecti) p(a) ~ p()(vecty) =~ Z' (g (vecty)) ~ Z(;(vecty))
as braided categories.

Remark 8.15. By Remark 2] Q=1 is a distributive law of Z(A) over A and induces
an isomorphism of Hopf algebras

D(A) = A®q Z(A) — Z(A) ®@q-1 A.
Via this isomorphism, the R-matrix v of D(A) is sent to the R-matrix
YVAC AVYAC A

 JLU S

ccC

L C®C = (Z(A) @1 A) @ (Z(A) ®g-1 A)

of Z(A) ®q-1 A.

Remark 8.16. Let B be a braided autonomous category which admits a coend C.
Then D(1) = C as a Hopf algebra. Hence C is quasitriangular, with R-matrix
t = ucee ®ide, and Z(B) ~ Be ~ B ~ % as braided categories. In other
words, the center of B is self-mirror and is the category of C-modules in B5.

9. HOPF MONADS AND FUSION CATEGORIES

In this section, given a k-linear Hopf monad T of a fusion category F, we describe
explicitly the centralizer of T" and the canonical distributive law of T'. Hence, in
particular, a description of the coend of Z(F), which is used in [BV10] to show that
the center of a spherical fusion category is modular and in [BV0§| to provide an
algorithm for computing the Reshetikhin-Turaev invariant RT z(7) in terms of F
itself.

9.1. Fusion categories. A fusion category F over a commutative ring k is a k-
linearf] autonomous category whose monoidal product ® is k-bilinear and such that
there exists a finite set I of objects of F satisfying:

e Homyz(i,j) =6, ;k for all ¢,j € I;

o [ €1,

e cach object of F is a finite direct sum of elements of I.
The set I is then a representative set of scalar objects of F (an object X of k-linear
category is said to be scalar if End(X) = k). The Hom spaces in F are free
k-modules of finite rank. The multiplicity of ¢ € I in an object X of F is defined as

N;( = rankk HOIIl]:(i’ X) = I'&Ilk]k HOHl}‘(X7 Z)
For each object X of F, we choose families of morphisms (pé’(o‘: X = 1)1<a<ni
and (qé,(oc: 17— X)lgong;( such that
idy = > g%y and pie}” =6 500 5id;.

iel
1<a<N%

4In particular, finite direct sums exist in F.
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9.2. Centralizers in fusion categories. Let F be a fusion category over a com-
mutative ring k and 7" be a k-linear endofunctor 7" of F. Then T is centralizable,
with centralizer (Zr,d) given by

Zr(X)=P'Ti)e X i
el
and
Oxy = Y. (T(gy") @idurpex ®py™) (coevra) ®idxey).
1§;ESIN;',

In particular, a fusion category is centralizable, with centralizer Z = Z; . given by

Z(X)=Pio X i
iel
Remark 9.1. By Corollary B.I4l the centralizer Z of F provides in particular a
left adjoint Fz to the forgetful functor U: Z(F) ~ Z-F — F, which is called the
induction functor in [ENOO5].

Remark 9.2. In general, the centralizer Z of F is not isomorphic (as an endofunctor
of F) to Z(1)®? or to ?® Z(1), as shown by the following counterexample. Let
G be a non-commutative finite group and let F be the fusion category of finite-
dimensional G-graded vector spaces over a field k. The elements of G form a
representative set of scalar objects of F. Then Z(z) = @QGG g lzg forz € G. In
particular, Z(1) = 1#%. Now, if 2 € G is not central, Z(z) is not isomorphic to
Z(1) @z ~2?% ~z® Z(1).

Assume T is a centralizable Hopf monad. By Theorem [(£.6], its centralizer Zr is
a Hopf monad on F and its structural morphisms can be described purely in terms
of those of T" and of the category F (that is, the p, ¢’s and the duality morphisms).
They are depicted in Figure Bl where yu, 7, s!, s” (resp. m, u, S!, S”) denote the
product, unit, left antipode, and right antipode of T' (resp. Z7). The canonical
distributive law of T is

Qx = Z (VT((J%Z))VMSQF(@T(VM) ® idp(x) ®pjT’Z-))T3 (VT (4), X, ).
ijel
1<a<N}
Hence, we have an explicit description of the double Dy = Z oq T of T' and of the
lift Z¥ of Zr to T- F. Note that the R-matrix of D is

Rxy = Z (VT() & T(qi}a) ® idvT(i) X®nx ® pé}a) (COGVT(i) ® idX®y).
il
1§ZLSN§,

9.3. The coend of the center of a fusion category. Let F be a fusion category
over a commutative ring k, and denote by Z the centralizer of F. Recall that Z is a
quasitriangular Hopf monad on F such that Z(F) ~ Z- F, see Section[@.2] Since Z
is k-linear, it is centralizable. Denote by Z its centralizer and by () the canonical
distributive law of Z over Zz. Then the coend of Z(F) is

C=23(1,2) = (Z2(1), Zz(Zo)).
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VT (k) X kTG Y
] ]
T (dr; P
(i) (i)
(Z7)2(X,Y) = E . (Zr)o = E |
i,kel Vi iel
ISQSN;?U) VT(i) i
Iy X Y i
YT (k) X k
| VP(1) X
T (dl)
mx = E | pi”@”; ) ux = )
i,j,k€£ VT (4, §)
IsasNig; — | | e
I(G) ‘TG X i g
VX
Vv ha VN (o 7
Sk = E Prjyv T4z ) |,
ijel [ | |
lgaSN’;‘(j)V T(j5) Vi VX V() j
X\/
St = E Pirg) T(a%) || 57
ijel | | |
1<a<Nyp ;) YT (j) Vi XY T(i) J

F1GURE 3. Structural morphisms of Zp

Note that
Z; () =Pz eji=Ficie ie,.
jel i,j€l
Using the results of Section [6.3] one computes the Hopf algebra structure of C' and
its self-dual Hopf pairing. These are depicted in Figure ] where the dotted lines
represent the relevant canonical isomorphisms between 1 and its duals.

In [BV10], we use this explicit description of the coend of Z(F) to show that the
center Z(F) of a spherical fusion category F is modular. In particular, this implies
that if F is a spherical fusion category of invertible dimension over an algebraic
closed field k, then Z(F) is a modular ribbon fusion category (this last result was
first shown in [Mii03] using different methods).

Also, this description of the coend of Z(F) leads to an explicit algorithm (in-
volving Hopf diagrams [BV05]) for computing the Reshetikhin-Turaev invariants
defined with Z(F). Moreover, this approach allows one to define these invariants
over an arbitrary base ring, without assumption on the dimension of F (if the di-
mension of F is not invertible, this yields ‘non-semisimple’ invariants). See [BV0S)]
for details.
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v, .8
@)k

i.4,k,m,nel
1<a<Nig,.
1<SBENY, g o

v,
e Vi V1
mg = E n@jRVn@l uc = E U
a

W4k, mnel
1<a<N¥ gign

1<BENY, o rsn
L<YSNR, 0 i Vaol

Se= >
ik, lE]
1<a<Ni

. k@Y
1<SBSNV; 9 VigVigVVia;

.

ig,k €T
M ks i3
1<a<Nvfp o Ve | |:
%
1<BENG ovigvvie | ]
DA W e

FIGURE 4. Structural morphisms of the coend of Z(F)
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